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Preface to the Fourth Edition

Let all circumstances, all happenings in life be occasions, constantly renewed,
for learning more and ever more.

THE MOTHER
 (of Sri Aurobindo Ashram)

It is a great pleasure to provide the students and teachers of physiology the fourth edition of Understanding Medical Physiology 
(UMP). The most obvious change in the current edition is the addition of a new author. But besides this highly visible change are 
the numerous not-so-visible additions based on recent knowledge. An inventory of these additions includes: cerebral blood fl ow 
during exercise, the anti-fatigue action of catecholamines during exercise, the role of metabosensitive nerve endings in muscle 
fatigue, the nutritional role of neuroglia, multiple mechanisms for glucose absorption, pathophysiology of clubbing of fi ngers, a 
new explanation for the staircase phenomenon, study of REM sleep using the scleral search-coil technique, and the high degree 
of coordination involved in effective sweeping action of ciliary activity in the respiratory tract. Although the list of changes runs 
long, the basic text, and even more, the philosophy of the book remains unchanged. Therefore, the book should continue to appeal 
to the intelligent and inquisitive medical students and teachers alike, amongst whom the book has by now created a niche all its 
own.
 We shall be happy, and grateful, for being told about any errors, and for any suggestions for the improvement of the next edi-
tion. These may be sent to either of us, preferably by e-mail: our addresses are rambij@gmail.com and drmanjunatha@gmail.
com.

A note from one of us (RLB)
Soon after the publication of the previous edition, I took voluntary retirement from the All India Institute of Medical 
Sciences (AIIMS) to reinvent myself. I have also initiated the process of passing on UMP to one of my most deserving students, 
Dr Manjunatha, who is an embodiment of superb qualities of the head and heart. He started his MD with me in 1997, and has 
proven himself by earning a few quick promotions to become a Professor at KMC, Manipal. 
 I also tried to rope in for this edition another student of mine, Dr AJ Vinaya Simha, who started his MD with me in 1993, and 
left for the USA soon after completing it. Although he could not fi nd enough time to have a look at the whole book, he has lent 
his expertise as well as literary touch to the section on Endocrinology. I do hope he will be able to contribute more substantially to 
subsequent editions.

 RL Bijlani
 S Manjunatha
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Preface to the First Edition

We preserve indeed a certain ingenuity and subtlety; we can imitate with an appearance of brightness; we can play plausibly, even 
brilliantly, with the minutiae of a subject; but we fail to think usefully, we fail to master the life and heart of things.
Our fi rst necessity........ is that the youth of India should learn to think,......... to think independently, fruitfully, going to the heart 
of things, not stopped by their surface, free of prejudgements, shearing sophism and prejudice asunder, as with the sharp sword 
smiting down obscurantism of all kinds as with the mace of Bhima
We must begin by accepting nothing on trust from any source whatsoever, by questioning everything and forming our own conclu-
sions.

—Sri Aurobindo

FOR THE TEACHERS, BUT THE STUDENTS MAY READ IT

Yet Another Textbook of Physiology!
During his early days in India, the renowned scientist JBS Haldane woke up one morning to the chanting of some loud rhyming 
sounds. He had heard that many Indians recite mantras early in the morning as part of their prayers, and assumed that these sounds 
must be some such mantras. But when he tried to hear the sounds carefully, he felt that the sounds were some chemical equations. 
He looked out of the window and discovered that the voice belonged to a young boy who was pacing up and down with a book in 
his hands. Haldane was shocked to see the way students (at least some!) learnt science in India. Centuries of slavery and a system 
of education originally designed to produce effi cient yes-men for the bureaucracy has robbed us of our capacity for original and 
critical thinking. In spite of several cosmetic changes, science education in our schools is highly fact-oriented. The stiff competi-
tion for entry into medical colleges further encourages rote-learning by rewarding students with the best recall of information. The 
result is that the brightest of our children turn into lustreless sponges, ready to soak information, by the time they enter medical col-
leges. I feel one of the responsibilities of medical teachers is to help restore the sparkle to their students. Teachers, in this context, 
include books because a book is only a medium through which a teacher speaks to students. This book speaks in a voice designed 
to rekindle the spark of originality, curiosity and creativity in its students. The fi rst year in medical college is, in some respects, the 
best time to initiate this process. The student has a sense of security arising from already having secured admission to medicine. 
Therefore, the student can be encouraged to insist on understanding things well, to question statements wherever warranted, and 
to pursue any queries, inconsistencies and fantasies that occur to him. This intellectually honest process of learning makes learning 
a pleasure. It is a luxury in which a medical student can indulge with the hard-won admission in his pocket.
 How does this book encourage the faculties of original, critical and creative thinking? Questions and controversies have been 
raised frequently in the book to jerk and jog the student’s mind. The style of presentation prompts the student to try to solve the 
problem on his own before discovering the solution in the book in a footnote or elsewhere. It may be mentioned that the book is 
self-contained; it solves every problem that it creates. However, it is expected that the book will inspire the student to create new 
problems which may require more work. References for further reading are largely limited to monographs and reviews. But cross-
references in these secondary sources will lead the student to original articles as and when necessary. Ideally, a book which does 
not expect the student to accept anything on trust should cite experimental evidence, or at least a reference, for every statement. 
But limitation of space has made it necessary to restrict experimental evidence only to a very few places where it is specially inter-
esting and instructive. In the above paragraphs I have unwittingly given the most important justifi cation for ‘yet another textbook 
of physiology’. Most of the other books available to the medical student fall in one out of two categories. One category includes 
books that are highly examination-oriented and only serve to strengthen the deeply ingrained habits of uncritical reading. In the 
other category are excellent books written for the discerning student who has had his earlier education in a developed western 
country. These books take for granted the student’s critical faculties. In India we need a book which has to convert the student. 
The book has to actively guide the student towards a new learning style with which he is not very familiar. Conversion needs en-
thusiasm, emotion, and effort. That is why the student may be able to see plenty of these in this book in contrast with the cool and 
objective prose of present day science.
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 Besides this intangible respect in which this book differs from its congeners, there are also a few tangible, although minor fea-
tures unique to this book. Physiology, as it is usually taught, is essentially physiology of the young adult male. There are important 
ways in which other categories of the population differ from the young adult male. All these differences are not known, but even 
what is known has an important bearing on treatment of children, women and the elderly, who form the majority of a doctor’s 
patients! An effort has been made to highlight developmental aspects and physiological variations due to age and sex in the present 
book. Some important topics which usually receive scant attention in an average text on physiology, such as ergonomics, the pin-
eal gland and space physiology, have been given fairly comprehensive treatment in chapters written by specialists in these areas. 
Finally, some subjects specially relevant to India, such as physiology of yoga, nutritional physiology and environmental physiol-
ogy, have also been included in a signifi cant way. The origin of many technical terms has been explained wherever it is likely to 
facilitate understanding. However, the language of the original root (whether Greek or Latin) has not been mentioned because it 
has no practical signifi cance. Some intellectually stimulating questions and problems follow almost all chapters. The answers and 
solutions to these are also given in the book, and supplement the information in the text, as do the boxes and footnotes. All these 
are merely different formats of presentation which have been chosen on the basis of the importance of the information, and to make 
it more interesting and exciting.

FOR THE STUDENTS, BUT THE TEACHERS MAY READ IT

How to Read?

Even the youngest among you has probably been reading books for at least twelve years. Therefore it may sound ridiculous that 
someone is trying to tell you how to read. But still, going through the next few paragraphs might teach you a thing or two which 
would help you read all books, and specially this book, better.
 The aims of reading well are to read fast, to read with understanding, and to read critically. To these may be added a fourth very 
practical requirement: to remember for long what has been read. All these four goals are closely interrelated.
 There are a few logical and well established tips for reading fast which are a part of all speed reading courses. To start with, 
learn to regulate the movement of your eyes. Observe the eyes of one of your friends while he (or she) is reading. You would see 
that the eyes move slowly in one direction, and then jerk back in the opposite direction. The cycle continues as long as the reading 
continues. The slow movement is due to the eyes moving along a line on the page. The fast movement brings the eyes back to the 
beginning of the next line. In fast readers, the slow movement along the line is smooth. But in slow readers, the slow movement 
is wobbly, which corresponds to the fact that slow readers often keep going back to a word, or a group of words, that they have 
already read. In short, the fi rst rule of speed reading is to glide the eyes smoothly along a line without going back and forth. This, 
in turn, has a few prerequisites. First learn to concentrate so that there is no necessity for going back again and again. Secondly, 
remember that if in spite of concentrating hard, you occasionally fail to register a word or two, you will still get the sense of what 
you are reading. Thirdly, children are often told not to move the fi nger along the line they are reading. But experts on reading 
today not only condone this practice, they actually encourage it. Moving the fi nger or a pencil along the line being read makes eye 
movement along the line smooth and swift. To improve still further the speed with which you progress along a line, remember to 
neither spell nor vocalize the words. It is possible (and normal) to read without looking at every letter separately and clearly. The 
eyes and the mind often grasp a bunch of letters or even words at a time, and usually decipher a word upon perceiving only a few 
key letters. That is why proof reading is a diffi cult job. Further, it is entirely unnecessary to say the words in your mind (i.e. to 
vocalize). Vocalizing takes much longer than merely reading the words.
 Besides reading fast, it is also important to read with understanding. Increasing the reading speed beyond a certain point is 
likely to reduce comprehension. But reading fairly fast can be combined with good comprehension by concentration, and by fol-
lowing a few tips. Before you start a chapter, spend a few minutes refl ecting over what you already know about the subject, and 
what more you expect to fi nd out by reading. Then just scan the entire chapter in a few minutes, looking specially at the headings 
and sub-headings, to get an idea of the concepts discussed in the chapter. Try and form logical connections between the concepts so 
that what you read in the chapter gets organized in your mind as an interrelated chain of events. Then start reading the chapter from 
the beginning, word by word, keeping the tips for speed reading in mind. As you read, try to form a mental picture of the events in 
your mind. For example, if you are reading cardiovascular system, visualise the beating heart or a network of blood vessels in your 
mind, and try to imagine the effect of variables such as change in venous return, heart rate or vasomotor tone, depending on what 
you are reading. Or, while reading respiration, try to form a mental impression of the effect of breath holding or deep breathing by 
actually doing so. Do not hesitate to underline (or upline!) key sentences or clauses. Write in the margins the gist or conclusions 
or fl ashes of insight that you sometimes get while reading. The book belongs to you, but it becomes truly your book only when it 
bears evidence of your interaction with it. If at the end of a portion of the chapter you feel you have in your mind a clear chain of 
events linked by cause and effect, draw a fl ow chart depicting it in the book itself, or on a piece of paper which you can stick in 
the book. As and when you reach a point where a concept has been rounded up, pause for a while and review in your mind what 
you have understood. Imagine as if you are teaching the subject to somebody else; that is the best way to discover how clear you 
really are. If you have any doubts, go back to the relevant sentences in the book. It will take you only a few minutes at this stage, 
but later on even many hours of reading may not be equally effective.
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 The third goal of good reading is to read critically. This may slow down the speed a bit but it will improve understanding of the 
subject. Learn to analyse, question and correlate statements. If correlation leads to an inconsistency, investigate it. The investiga-
tion may not be immediately fruitful or feasible. In that case note it down in the book for a more opportune moment. With time, 
critical reading will become a habit, making learning a pleasure. Your intellectual excursions will generally prove the book right. 
But do not take the printed word for granted. Mistakes creep into books more often than you think.
 The fourth goal of good reading, and a very important requirement for the student who has to take an exam, is to retain for 
as long as possible what has been understood. The tips given above for improving comprehension will also improve retention 
because the better something is understood, the longer it is retained. However, Tony Buzan has formulated in clear and concrete 
terms a technique for improving retention which he calls the mind map organic study technique (MMOST).
 Before we go into any further details about MMOST, let us understand what a mind map is. A mind map is a ‘new’ concept in 
preparing personal notes which is based on the way the mind works. Printed material commonly has a linear structure in which a 
sequence of events or a series of interrelationships is depicted through a major heading on top of the page followed by subheadings 
under it. But that is not the way the mind works. The mind builds linkages around a main idea rather than under the main idea. 
In a mind map, we write the main idea in the centre of the page and depict its ramifi cations around it, somewhat like the branches 
of a tree. We show the relationships through arrows, geometrical shapes and other symbols, some of which may be invented by 
the student: it doesn’t really matter if nobody else understands what those symbols mean. In a mind map, liberal use is made of 
coloured pens as an additional code for conveying ideas. In spite of colour, a mind map may appear more messy than conventional 
notes, but it carries more information in less space and in a format which is more akin to the way we think.
 The basic steps involved in MMOST are overview, preview, inview and review.
 Overview consists of browsing, somewhat like what you do in a bookshop or in the library before you decide whether to buy 
or borrow the book. Pay special attention to headings, indents, summaries, words in bold type or italics, tables and fi gures. After 
getting a hang of what the subject is, jot down what you already know about the subject in the form of a mind map. Decide on the 
time you will spend studying the subject, and the amount you will complete. In other words, set your goals and the resources (in 
this case, time is the major resource) you will employ to reach them. 
 Preview is akin to scanning. With an active mind, select and reject what you read. Concentrate on the beginnings and ends of 
paragraphs, which are the portions which usually provide the most valuable information. Have no sense of guilt about skipping 
passages. Treat a book like a lecture: accept, ignore and criticise as appropriate.
 Inview is a more detailed reading than preview, but you are authorized to skip even at this stage. Learning something is like 
completing a jigsaw puzzle. It is sometimes worthwhile to forget about a missing piece for some time instead of getting stuck. A 
diffi cult passage is likely to get easier after you have read subsequent passages or another section. This is also a good stage for 
making `notes’. Notes should be on the book as well as on large sheets of paper. On the book, underline and write freely as sug-
gested earlier. On the large sheets of paper, prepare mind maps, either by adding on to the maps prepared at the overview stage, or 
by making new ones, as appropriate.
 Divide the study time into 20-50 minute sections. Take a break between each section: it is cost effective.
 Review is an important step, and a continuing exericse. One review is required more or less immediately after the reading 
session to examine for yourself how much you know, and to have a second look at the marked, important portions. But reviews 
are required after that also, because it has been observed that within 24 hours of a one-hour learning period, more than 80 percent 
of the learnt material is forgotten. Tony Buzan recommends the following schedule for reviewing: a 10-minute review 10 minute 
after the learning session, and three shorter 2-5 minute reviews 24 hours, 1 week and 1 month after the learning session. These four 
reviews would fi x the material in long-term memory, and help its retention for a very long time. You might ask how one would 
remember to review a subject one week or one month later. One way  is to maintain a diary: a habit which would be useful in 
many other ways too throughout life. Suppose you have learnt ‘Oxygen transport’ on 9th October, make an entry ‘Review oxygen 
transport’ in your diary on 10th October, 16th October and 9th November. It goes without saying that the system will work only if 
you remember to consult the diary everyday.
 Although MMOST may appear to be a rigid technique, one should only grasp its general principles and put them into practice. 
Details of the technique may be altered depending on the subject being studied and other circumstances. No technique should be 
allowed to interfere with the intensely personal and pleasurable experience of learning. Reducing the technique to a rigid routine 
can make the process of studying boring and burdensome.

FOR TEACHERS AND STUDENTS, ALTHOUGH NEITHER MAY READ IT

Whither Objectives?

You may like to know whether this book has been written on the basis of some specifi c learning objectives (SLOs). The answer to 
this question is “No”. I fi nd the SLOs uneducational as well as impractical.
 They are uneducational because they place an implicit limit on what the student may learn by saying indirectly that knowing 
anything beyond the SLOs is unlikely to be rewarded. They also encourage the student to turn around and say that the teacher can-
not ask a particular question because it is not a part of the SLOs. I fi nd such a stand ridiculous, specially in an advanced course of 
learning, and that too in medicine. When the student becomes a doctor, would he be able to tell a patient that he would not treat him 
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because a particular symptom of his was not a part of his SLOs? What is expected of a doctor in such a situation is to jog his mind, 
use some logic, and reach some reasonable conclusion. The conclusion may not be entirely right, but if the doctor has applied his 
mind properly, he will not commit a blunder. What better preparation can the student have to acquire this mental smartness than to 
face somewhat unexpected questions in the examination with studied equanimity? When a student is asked a question, the usual 
tendency is to try and give the right answer as quickly as possible. I always tell my students to interpose between the question and 
the answer one more step: thinking. If you take the time to think, you will not be very much off the mark even when you answer a 
question which you do not know. If you jump to the answer without thinking, you may give an absurd answer even to a question 
which you know.
 SLOs are impractical because teachers cannot keep thinking of the SLOs if they have to give a lucid and interesting lecture, 
and students seldom realise all the objectives laid down but still pass the exams. No wonder, neither the teachers nor the students 
generally consult published documents on SLOs while teaching or studying. However, on the basis of having taught and examined 
students for more than twenty years, I can say quite confi dently that any MBBS student who masters the essence of this book will 
fi nd his physiology examiners highly satisfi ed.

A REQUEST BOTH TEACHERS AND STUDENTS MUST READ
At the end of every section you will fi nd an evaluation form. Please do fi ll in your considered criticism and send the form to me. 
Please feel free to attach extra sheets to the form to make suggestions, to point out errors, or to write anything else you feel while 
reading the section. Your cooperation will be a great help in improving the next edition. A few selected readers who provide the 
most precious criticism and suggestions will be sent a complimentary copy of the next edition of the book.

RL Bijlani

For Further Reading

Buzan T. Use Your Head. London: BBC Books, 1989.
Webster O. Read Well and Remember. London: ELBS and Pan Books, 1967
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A Review of the Book

Understanding Medical Physiology: A Textbook for Medical Students
Edited by RL Bijlani. Jaypee Brothers, New Delhi, 1995.
There are so many textbooks of physiology that, for any new one that appears, two questions have to be asked: is it different, and 
is it better? Professor Bijlani’s book deserves a strong affi rmative to both questions.
 It is different because it seeks to educate the  medical student in physiology, leading him or her from a state of diffi dence and 
uncertainty, through pathways of insight and interpretation, to a knowledge of the details of physiological science to be applied 
to a medical career. So many other textbooks are instruction manuals, assuming, usually unrealistically, that students already 
have an understanding of the principles and concepts of physiology on which to construct a soundly-based knowledge of medi-
cal physiology. Dr Bijlani implies that an initial lack of perceptive background may be especially common in India but, alas, it is 
also very frequent in the western world. Far too many medical students learn in order to pass exams and to qualify; this book will 
educate them and make them better doctors as a result.
 The book is also unusual because Dr Bijlani in his preface urges students to underline parts of the text, to make marginal 
notes, and even to say where they think the text may be wrong. How many authors encourage desecration of their work? But it 
is an important point. I learnt years ago that students who came to me with a text full of underlinings, crossings out and question 
marks were the ones who really read and tried to understand what they had read. A blank unmarked text can imply a blank and 
unremarkable mind.
 One of the fascinations of this book are the insets, blocked out sections of historical, anecdotal and clinical material which, 
while they may not help the student to pass exams, are lightening fl ashes of illumination. Please, Dr Bijlani, in the next edition 
can we have more of these?
 These differences compared with other textbooks of physiology are commendable, and make the book better than most texts 
with which I am familiar. The questions and answers at the end of each chapter demand understanding and not merely factual 
knowledge. All the illustrations have been drawn by the authors themselves, and have both a uniformity and a refreshing and 
unconventional appearance that make them easy on the eye. The book is easy reading, because of its conversational and didactic 
style, and the length, almost 1000 pages of double columns, is never oppressive. Dr Bijlani has written two thirds of the book 
himself, and has chosen for the other sections authors who agree with his philosophy and approach.
 In this preface Dr Bijlani tells a story about JBS Haldane, a great scientist and a great lover of India. Many years ago I wrote 
to Haldane in India, asking for a reference for an Indian doctor applying for a job with me. Haldane sent me a fi ve page hand-
written letter. The fi rst sentence read: “He is a very able man, you should take him”. The rest of the letter was about his philoso-
phy of medical education and his admiration for the Indian attitude to learning and life.
 My advice to a potential reader of the textbook is simple: “The book is excellent and you should get it”. Like Haldane’s letter 
the book has the right balance. If you absorb it you will gain far more than a knowledge of physiology, you will discover what 
physiology is all about and how Indian physiologists can illuminate understanding of the subject for both students and teachers. 
The book is an education, and there cannot be higher praise.

JG Widdicombe
Emeritus Professor

Sherrington School of Physiology
St Thomas’ Hospital Campus, London, UK

Reprinted from Indian J Physiol Pharmacol 1997;41(4):431-32. 
Courtesy: The Editor, Indian Journal of Physiology and Pharmacology.
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A. Electron micrograph showing part of a cell. Nu, nucleus; L, lysosome; S, secretory vesicle; RER, rough endoplasmic 
reticulum; M, mitochondria; G, Golgi apparatus. (Courtesy: Prof Shashi Wadhwa, In-Charge, Electron Microscopy Facility, 
All India Institute of Medical Sciences (AIIMS), New Delhi)

B. Electron micrograph of cardiac muscle. Note the closely packed parallel contractile fi laments, and high density of 
mitochondria. SR, sarcoplasmic reticulum, which carries the electrical impulse to the interior of the cardiac muscle; D, 
intercalated disc, a low resistance structure which carries the electrical impulse from one muscle fi bre to the next; M, 
mitochondria, which generate the energy required for contraction. (Courtesy: Prof Shashi Wadhwa, In-Charge, Electron 
Microscopy Facility, All India Institute of Medical Sciences (AIIMS), New Delhi)
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PLATE 2

A. Cells seen in a normal peripheral blood smear. N, neutrophil, surrounded by a large number of erythrocytes. The arrow 
(P) is pointing towards a platelet. E, eosinophil; L, lymphocyte; M, monocyte. Jenner-Giemsa stain. (Courtesy: Prof Renu 
Saxena, Department of Haematology, AIIMS)

B. Stages of normal erythropoiesis. 1. Proerythroblast: deep blue agranular cytoplasm and large nucleus. 2 and 3. Two 
successive stages of intermediate normoblast. 4. Late normoblast: pinkish blue cytoplasm and pyknotic nucleus. Bone 
marrow smears, Jenner-Giemsa stain. (Courtesy: Prof Renu Saxena, Department of Haematology, AIIMS)
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PLATE 3

A. Stages in the development of neutrophils. 1. Myeloblast: large cell with deep blue cytoplasm and large nucleus with 
prominent nuclei. 2. Promyelocyte: larger than myeloblast, with prominent granules in the cytoplasm and nucleoli in the 
nucleus. 3. Myelocyte: smaller than promyelocyte. Nucleus occupies almost half of the cell cytoplasm and has no nucleolus. 
Cytoplasm shows fi ne granules. 4. Basophilic myelocyte. 5. Metamyelocyte: smaller than myelocyte. Cytoplasm shows fi ne 
granules. Nucleus is indented in the middle. 6. Stab cell. 7. Neutrophil with bilobed nucleus. 8. Mature neutrophil with multilobed 
nucleus. Bone marrow smears, Jenner-Giemsa stain. (Courtesy: Prof Renu Saxena, Department of Haematology, AIIMS)

B. Megakaryocytes. 1, Lower magnifi cation 2, Higher magnifi cation. Note the multilobed nucleus. Jenner-Giemsa stain. 
(Courtesy: Prof Renu Saxena, Department of Haematology, AIIMS)
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PLATE 4

A. A scanning electron micrograph of a bunch of capillaries forming a glomerulus (G) in the kidney. The glomerular 
capillaries are covered by podocytes.The glomerulus rests in the cup-shaped Bowman's capsule (BC). (Magnifi cation: 432x) 
(Courtesy: Prof Shashi Wadhwa, In-Charge, Electron Microscopy Facility, All India Institute of Medical Sciences, New Delhi)

B. A scanning electron micrograph showing glomerular capillaries covered by podocytes (P), the cells whose processes 
(Pr) interdigitate like  a jigsaw puzzle. The result is a sieve through which fi ltration takes place. (Magnifi cation: 5610 x) 
(Courtesy: Prof Shashi Wadhwa, In-Charge, Electron Microscopy Facility, All India Institute of Medical Sciences, New Delhi)
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1.1
Getting Introduced to 

Physiology

Physiology (physis, nature; logos, discourse) literally means 
knowledge of nature. The term belongs to an era when physiol-
ogy and philosophy were not much different. But now physiol-
ogy means the study of the function of living organisms. It is 
diffi cult and usually unnecessary for one person to study the 
function of all living organisms. Accordingly a student chooses 
to study viral physiology, bacterial physiology, plant physiol-
ogy, animal physiology or human physiology. Medical physi-
ology concentrates on human physiology. However, man is 
unmistakably similar to animals,1 and a lot of human physiol-
ogy has been learnt from animals. Therefore medical physiol-
ogy is based to a very large extent on animal physiology.
 Physiology may be learnt at various levels. One may take a 
holistic view of the entire organism, or study it at organ-system 
level, or at cellular or molecular level. The knowledge of mech-
anisms of life at cellular and molecular level has expanded so 
much during the last few decades that cellular biology, molecu-
lar biology, biochemistry, biophysics and biotechnology have 
become independent disciplines of study in their own right. 
All these disciplines may be considered daughter disciplines 
of physiology. But since taking a holistic view of mecha nisms 
of life has its own importance, the mother discipline continues 
to fl ourish. However, divisions between different branches of 
knowledge are artifi cial; therefore we will be making frequent 
references to cellular and molecular level in this book as well. 
It is interesting that when we study function at cellular and 
molecular level, the distinction between different categories of 
living organisms tends to vanish. A lot has been learnt about 
the molecular biology of man through experiments on insects, 
plants and even bacteria and viruses.
 The living organism functions somewhat differently at 
different stages of life such as childhood, youth and old age, 
pregnancy and lactation, during rest and exercise, and at dif-
ferent environmental temperatures and atmos pheric pressures. 
Function under all these circumstances is still within the normal 
range, and therefore a part of physiology. Hence, the offshoots 
such as sports physio logy and environmental physiology.

PHYSIOLOGY AS THE BASIS OF MEDICINE

Life is a dynamic process. The even tenor of health conceals 
the continuous storm raging in every nook and corner of the 
body. The reason why disturbance is an essential part of the 
tranquility characterizing health is that the living body is like a 
running engine. The trillions of cells which constitute the body 
consume fuels and produce waste. The cells are wonderful 
machines but have exacting requirements for optimum func-
tion. The fuels, or nutrients should be replenished, the waste 
products should be removed, and the cells should be bathed 
by a fl uid of the right composition at an appropriate pH and 
temperature. If the conditions deviate far from optimum, the 
cells cannot function, and the organism ceases to be alive. In a 
multicellular organism like man the cells are organized into tis-
sues, organs and systems on the principle of division of labour. 
Each organ-system makes some contribution towards provid-
ing optimum conditions for the functioning of all cells of the 
body. Through the cooperative and coordi nated activity of all 
parts of the body, the conditions under which cells function are 
maintained at a reasonably constant level. This constancy is 
known as homeostasis (homoios, similar; stasis, position).
 Since the aim of all parts of the body is homeostasis, study 
of physiology is essentially a study of how each organ-system 
contributes to homeostasis. The dynamic nature of life proc-
esses and the hostile forces in our environment pose a contin-
ual threat to homeostasis. But the body is equipped to detect 
the challenges and to mount an appropriate response which 
would neutralize the challenge. Health depends on the suc-
cess of these responses. When the responses are inadequate in 
relation to the challenge, a person falls ill. But even in illness, 
recovery from illness depends on the same type of responses 
which operate in good health. The fact had been recognized 
by Hippocrates as long ago as 400 BC when he stated that the 
body possesses the means for its recovery from illness.
 In light of the above discussion, we can keep ourselves 
healthy by adopting a two-pronged strategy. First, we should 

1 This statement is calculated to respect the pride of our species. In fact man is also an animal, although a highly evolved one
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improve the capacity of our body to meet challenges. Secondly, 
we should try to minimize the extent to which the body is 
challenged. Both these measures are not mutually exclusive. 
However, of the two, the fi rst is more important and practical. 
Adequate and appropriate nutrition, and regular physical exer-
cise are the two most important ways of improving the fi ghting 
capacity of our body. The second part of the strategy for stay-
ing healthy is to avoid needless challenges to the body. This 
may be done by avoiding inhalation and ingestion of germs, 
harmful chemicals and pollutants. Another way to prevent cru-
elty to the body is to avoid overuse, misuse or abuse of any part 
of the body. For example, we should not overuse our back by 
trying to lift a 100 kg weight, misuse our eyes by working at a 
computer for long hours, or abuse our lungs by smoking.
 Doing all this can keep us fairly healthy but is no guarantee 
against illness. In case of illness, a doctor usually takes one of 
the following four measures. First, he reassures the patient that 
soon everything will be fi ne. The reassurance is not hollow: it is 
based on his know ledge of homeostatic mechanisms. Secondly, 
he tells the patient not to be impatient. This is because the 
doctor knows that homeostatic mechanisms take time. Thirdly, 
he suggests some measures which assist the body in its struggle 
against the disease. For example, he may suggest hot fomen-
tation of an infl amed area so that the accelerated blood fl ow 
through the area may increase further and drain away undesira-
ble substances. Or, he may prescribe antibiotics which may kill 
some disease-causing germs in addition to those killed by the 
defence mechanisms of the body. And fi nally, the doctor may 
discover that the disease is due to a defi ciency. It may be die-
tary defi ciency, or defi ciency of some physiological substance 
produced by the body. In that case the doctor tries to supply the 
defi cient substance in an effort to restore physiological func-
tion. For example, in iron defi ciency, he gives iron; in water 
and salt defi ciency (as in diarrhoea), he gives water and salt; 
and in insulin defi ciency (diabetes), he gives insulin. It is worth 
obser ving that in each of the four approaches outlined above, 
the doctor works with nature, not against it. And, each of the 
four approaches needs knowledge of physiology.

LOOKING BACK
History is more than a chronicle of events. An analytic view 
of the past is essential for understanding the present and has 
important lessons for the future. Past mistakes are a valu-
able warning, and past achievements are a precious source of 
inspiration. If you look at the history of any development in 
physiology or medicine, or for that matter any other fi eld of 
science, it follows a characteristic pattern. It starts with some 
ancient concepts prevalent in the ancient civilizations of India, 
China, Egypt or Mesopotamia, as long ago as 4000-2000 BC. 
Then we come across some concepts which originated in the 
Golden Age of India and Greece. These concepts are attributed 
to Charaka (an Indian physician), Susruta (an Indian surgeon) 
Hippocrates (a Greek physician) or Aristotle (a Greek philos-
opher). These concepts belong to the period around 600-300 
BC. Note that there is a gap of about 1500 years between the 
ancient civilizations and the Golden Age of Indian and Greece. 
We do not know much about this dark interlude but it is most 

likely that the miracles of the Golden Age were not really mira-
cles but based on the foundations that had already been laid in 
the ancient civilizations. The next milestone in the history of 
any medical subject is usually the contributions or concepts of 
Galen (130-200 AD). Very few of the concepts belonging to 
Galen’s days or earlier periods match with our presents ideas. 
More important than evaluating the accuracy of these ideas is 
to realize that as long as 2000 years ago a large body of organ-
ized knowledge covering virtually every area of enquiry had 
been gathered and documented. Tracing the history further 
leads to a very striking revelation. Following the contribu-
tions of Galen, there is no major development for a period of 
about 1400 years. This stretch of 1400 years is very appropri-
ately called the Dark Ages. It is impossible to believe that no 
intelligent persons were born anywhere in the world for such a 
long period of time. What is more likely is that during the Dark 
Ages the environment was lacking in some stimuli which trig-
ger generation of new knowledge. We shall take a close look at 
the environments of the Golden and Dark Ages and the events 
which were instrumental in shaping such environments. This 
exercise, apart from being very fascinating, is very instructive 
for understanding the process of scientifi c growth.

The Golden Age
The Golden Age of Greece (circa 500 BC) more or less coin-
cided with that of India and China. During this period all these 
societies enjoyed enlightened political leadership, reasonable 
prosperity, religious tolerance, and ideals of simple living and 
high thinking. Scholarship was held in high esteem, there 
was ample freedom of thought and expression, and there was 
extensive exchange of ideas through travel. This happy state 
was disturbed when Alexander the Great died in 323 BC with-
out leaving behind a competent heir. His kingdom broke up 
into four parts, and eventually declined by the 1st century BC. 
There were at least two other factors which perhaps led to a 
decline of Greek scholarship. The fi rst was the tremendous 
authority wielded by Platonic and Euclidean traditions. It is 
generally inevitable that although genius starts with an open 
mind, its success eventually casts such an overwhelming spell 
that it gives birth to a rigid and authoritarian school of thought. 
Secondly, the death of Aristotle in 322 BC was followed by 
the emergence of Epicurean and Stoic Schools of Philosophy. 
Unlike Aristotle, these new schools were not much interested 
in science. Their main concern was ethics, or moral conduct 
of life.

The Roman Empire
The period of the Roman Empire, which reached its peak 
around the first century AD, marks an intellectual transi-
tion from the Golden Age to the Dark Age. Romans were an 
extremely wise and practical people. They employed their 
immense success and prosperity to achieve marvels in engi-
neering, art and architecture. They also gave to the world the 
Roman law which prevails all over the world even today with 
very few changes. They also had great respect for Greek schol-
arship and scientifi c achievements. Greek was the second lan-
guage of cultured Romans. They practised Hippocratic medi-
cine, and did much to perpetuate and disseminate their Greek 
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Famous Firsts

The term physiology (physis, nature; logos, discourse) was 
used by the Greeks as a synonym for natural philosophy 
(philein, to love; sophia, wisdom). A student of nature has 
to be a lover of wisdom! According to George Sarton, the 
fi rst “physiologist” of the world, in this sense, was Thales of 
Miletos, a Greek philosopher who lived around 600 BC.
 The first “physiologist” of the world, in the modern 
sense, was William Harvey (1578-1657). He was the stu-
dent of Fabricius, a great teacher of Anatomy at Padua, Italy. 
Fabricius was the successor of Vesalius, whose textbook of 
Anatomy marked the beginning of the European Renaissance. 
But the term `physiology’ was used in its modern sense half 
a century after Harvey’s death.
 The term physiology was fi rst used for describing the sci-
ence of body function by Herman Boerhaave (1660-1738), 
a physician at Leyden, Holland, in his book Institutiones 
Medicae in 1708. He also established physiology as an inde-
pendent discipline in the medical curriculum. One of his 
best known pupils, Albrecht von Haller (1708-1777) wrote 
the fi rst textbook of physiology, Elementa Physiologiae, in 
1757. By the middle of the 19th century there were two 
leading schools of physiology in Europe: The French school 
led by Francois Magendie (1783-1855) and the German 
school led by Johannes Muller (1801-1858) and Carl Ludwig 
(1816-1895). Magendie founded the fi rst journal devoted 
exclusively to physiology. His most distinguished pupil, who 
surpassed the teacher, was Claude Bernard (1813-1878). 
Claude Bernard propounded the concept of milieu inter-
ieur or internal environment and established physiology as 
the scientifi c basis of medicine. The concept of constancy 
of the internal environment was further elaborated by the 
American physiologist Walter Cannon who also coined the 
term homeostasis to describe this constancy. Muller’s stu-
dent Hermann Helmholtz (1821-1894), who also surpassed 
his teacher, was as good at physics as physiology. He for-
mulated the law of conservation of energy, invented the 
ophthalmoscope, propounded a theory of colour vision, and 
did some fundamental work on the physiology of hearing. 
Ludwig, who invented the kymograph, settled at Leipzig, 
where he developed an institute of physiology which was for 
many decades the mecca of students of physiology from all 
parts of the world.

A Taste of Things to Come

If you are an undergraduate medical student, you would soon 
discover that your course may have four phases of roughly 
equal duration. During the fi rst phase you may be a little 
disappointed because you will neither see patients nor learn 
about drugs. Instead, you will be confi ned to classrooms 
and laboratories where you will learn about the structure 
and function of the normal human body. Disease is noth-
ing but deviation from normal. Therefore unless you under-
stand normal, you cannot understand abnormal. Unless you 
understand how normal red cells are formed, you cannot 
understand anaemia. Unless you understand normal blood 
pressure, you cannot understand hypertension. During the 
second phase you will start seeing patients. you will not yet 
be ready for it but you have to start somewhere. Unless you 
are thrown into the water you will never learn to swim. In 
addition, you will continue learning in classrooms and labo-
ratories about the disease process, individual diseases and 
germs, and the scientifi c basis of the use of drugs as thera-
peutic tools. Generally legal medicine is also introduced 
in the second phase. By the end of the second phase, the 
foundation would have been laid. During the third phase, 
you will build on this foundation and learn the clinical sub-
jects. At the end of the third phase you will take the ‘fi nal’ 
examination but you will still not be qualifi ed to assume full 
responsibility for patients till you have completed the fourth 
phase. The fourth phase is a skill-oriented period of rotat-
ing housemanship during which you will be involved in all 
aspects of patient care under the supervision of senior phy-
sicians and surgeons. The end of the fourth phase is, how-
ever, only the end of the beginning. Learning is a lifelong 
process, specially for a doctor.
 One subject, which we have not talked about in the 
above scheme of things, might be introduced at the begin-
ning of the course and will probably continue till the end. 
The subject is variously known as Community Medicine or 
Preventive and Social Medicine. The reason why this subject 
is given so much importance is that prevention is not only 
better but also easier and cheaper than cure. Prevention, 
in a broad context, does not just mean preventing disease 
from occurring. It covers an entire spectrum starting with 
the positive concept of health promotion and extends upto 
reduction in the adverse effects of illness. Prevention is pos-
sible only if the disease is viewed in a social or community 
context. For example, hepatitis is not just an infl amed liver 
affl icted by a virus. It is a sick human being with feelings and 
a family. The impact of the illness on the family is just as 
important as on the individual patient. Secondly, one has 
to fi nd why he got the hepatitis. What is the source of his 
drinking water? Have some more persons sharing the same 
source also got hepatitis? How can the spread of the disease 
in the community be prevented? And fi nally, how can the 
quality of drinking water be improved so that epidemics of 
hepatitis may be prevented in future? All these questions are 
the concern of Community Medicine and you can see how 
important they are.

heritage. They used their genius for organization to give to the 
world the system of hospital-based medicine. But their utilitar-
ian attitude prevented them from carrying science much fur-
ther. The process of discovery is an adventure which has to 
look beyond immediate application: it is best pursued as an end 
in itself. The stoic philosophy, which dominated Rome, was 
also a hindrance to creative science. The result was that the 
vast Roman Empire, with six centuries and immense material 
resources at its disposal, produced not one remarkable crea-
tive scientist. The Greek culture of intellectual adventurism 
failed to strike roots in the Roman psyche. The Romans used 
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their superfi cial knowledge of Greek classics to create a pre-
tence of being cultured but never got to the heart of those clas-
sics.2 Many characteristics of the atmosphere prevailing in the 
Roman Empire may be illustrated by taking an analytic look 
at the most distinguished physician of the period, Galen (130-
200 AD). Galen was of Greek origin. He arrived in Rome in 
166 AD. He was very bright and industrious and quickly rose 
to be physician to the Emperor, Marcus Aurelius, one of the 
most enlightened Roman emperors. Galen performed a few 
experiments but spent most of his talents on organizing exist-
ing knowledge, depending heavily on authority of the ancients, 
or analogies. This approach led him to many errors. His work 
was compiled into at least 83 books. He enunciated that body is 
but an instrument of the soul, which agreed with the essential 
features of Christianity. He also laid great stress on teleology, 
looking for a purpose in everything in the body. This approach 
agreed with the utilitarian psyche of the Roman Society. He 
prepared several case reports. But his descriptions are more 
in the nature of self advertisement than keen observations, 
quite unlike the objective unassuming accounts provided by 
Hippocrates. Galen was no doubt a genius, but in addition he 
also ingratiated himself with the emperor, stood on the right 
side of the Church, agreed with the psyche of the society, and 
wrote extensively, authoritatively, and not too modestly. No 
wonder, he stood very tall in life, and taller still after death. 
He cast such a spell that for 1400 years his concepts were sac-
rosanct, and even after that it took great courage to contradict 
him. However, the writings of Galen and his contemporaries 
helped transfer all accumulated information available till then 
to scholars of later periods.

The Dark Ages
After the fall of the Roman Empire, the Graeco-Roman rational 
spirit degenerated slowly but clearly. The seeds for the decline 
had been sown quite unintentionally even during the heyday of 
the Roman Empire through their preoccupation with applied 
science and technology at the expense of pure science. In the 
absence of nourishment by new knowledge, the scientifi c spirit 
was slowly starved to death. Other factors which contributed 
to the darkness of the Dark Ages were the stoic philosophy of 
Romans, the stranglehold of Galen’s authority, orthodoxy of 
the Church and the dread of Muslim conquest. The duration of 
the Dark Ages has been arbitrarily fi xed from 400 AD to 1543 
AD by Charles Singer.

Arabian Science
An intellectual movement of great significance took place 
in the Arab world during the Dark Ages. Were it not for this 
movement, the achievements of the Greeks might have got 
irretrievably buried under time. Within a century of the found-
ing of Islam in the seventh century AD, Arabs conquered half 
the then known world and built an empire comparable in extent 
to the Roman Empire. Endowed with this immense power and 
prosperity, Arabs turned to fi ne arts and intellectual pursuits 

in a big way. Their scholarly activities were aided by the fact 
that Islam then was characterized by greater religious tolerance 
than Christianity. Further, the Arab world was strategically 
located between India and Europe. The Arabs delved into the 
rich heritage of both these regions, translated their classics in 
literature and science into Arabic, and achieved a fi ne synthe-
sis. The chief centres of Arab scholarship were Baghdad in the 
East, and Cordova (in Spain) in the West. Between the 8th and 
10th century AD, the Arabs busied themselves primarily with 
translation of Indian and Greek classics. From the 10th to the 
12th Century AD they indulged in more creative and critical 
intellectual pursuits but still, like the Romans, they remained 
basically organizers rather than originators of knowledge. The 
most towering physician of the Arab world was Avicenna (980-
1037) whose contributions in terms of organization of know-
ledge are comparable to those of Galen. The most impor tant 
service which the Arabs did was to preserve reasonable con-
tinuity which made the later revival of intellectual activity in 
Europe feasible.

The Scholastic Age
The Western part of the Arab Empire was conquered by the 
Christians in the 13th century AD. With this coincided an intel-
lectual ferment. The scholars of 13th century were still sub-
servient to the authority of antiquity and religion. But at least 
there was a revival of learning, which laid the foundations of 
European Renaissance. The most progressive scholar of this 
period was Roger Bacon (1214-1294). He did not hestitate to 
criticize authority and put his trust in accurate observations 
and experimentation. He repudiated the prevalent practice of 
witchcraft. He paid the price for his courage by spending many 
years in prison.

European Renaissance
Charles Singer has arbitrarily chosen 1543 as the year of 
onset of the European Renaissance. The justifi cation for such 
a precise date is that during that year appeared two publica-
tions of great importance. One was a book on Astronomy by 
Copernicus, and the other a book on Anatomy by Vesalius. 
Both these books, for the fi rst time after 1400 years, dared 
place greater reliance on observation than on authority. Science 
had at last managed to loosen the grip of the ancient classics. 
The spirit of enquiry could once again breathe freely without 
the Church clipping its nose. The events of 1543, however, 
did not occur suddenly. They were preceded by a change in 
the political set up, a change in the attitude of the Church, 
the advent of scholasticism, the rise of the humanist philoso-
phy, and last but not least, the invention of printing. Printing 
prompted the discovery and dissemination of the Greek clas-
sics, and the rational attitude contained therein. Greek was no 
longer widely understood even in Europe any more. Hence 
the Greek classics, which had been translated into Arabic, 
were now translated into Latin, the language of the cultured 
Europeans of the period. The effect of double translation on the 

2A comparable situation exists in India and many other nations of the East today. We respect Western achievements and acquire a superfi cial knowledge 
of the English language, literature and science. But the cultural gap between the East and West prevents us from generating new knowledge.
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spirit of the original was disastrous, but the products still man-
aged to trigger the passage from the medieval to the modern 
way of thinking.
 After 1543 AD, there has been no looking back. Taking off 
more or less from where the Greeks and Romans had left it 
1400 years ago, science advanced rapidly. A major milestone, 
from the point of view of medical history, was the publica-
tion of de Motu Cordis (the Motion of the Heart) by William 
Harvey in 1628. This classic marked the transition from the 
purely observational approach to an experimental approach. It 
also introduced the application of mathematics, or the quantita-
tive approach, to the analysis of experimental results. Growth 
of science was soon followed by technological progress and 
the industrial revolution. The impact of the events of the last 
four centuries on lifestyle has indeed been spectacular and 
unprecedented in the history of mankind, both in its pace and 
extent.

Why Not We?
The scene of action for the events outlined above is essentially 
Europe, Egypt and the Arab world. One might legitimately ask, 
what was happening in India at that time, and why our achieve-
ments do not fi gure promi nently? The common answers to 
these questions are that our civilization is older than the Greek 
civilization, and at least as old as the Egyptian civilization, and 
that the Western scholars ignore us because they are biased 
against us. While there may be some truth in these assertions, 
they do not explain why we have made no signifi cant contribu-
tion to science in the last several hundred years. Foreign domi-
nation for about seven hundred years may explain it to some 
extent, but it would be more constructive to have an objective 
look at our intrinsic strengths and weaknesses instead of fi nd-
ing excuses and explanations.
 The most glorious chapters of Indian history belong to the 
periods 2000-1500 BC (Indus Valley Civilization), 900-600 BC 
(the era of the Upanishads), and 600-300 BC (the emergence 
of Buddhism and Jainism). Let us examine what our strong-
est points were during these periods. One area in which we 
excelled was religion and philosophy, not just as esoteric sub-
jects but as a way of life. Books which can match the breadth 
or depth of Vedas, Upanishads and Gita have not been created 
anywhere else, and scholars all over the world acknowledge 
the fact. India continues to afford spiritual solace to the devel-
oped societies as and when they feel consumed by their con-
sumerist attitude. The other areas in which we excelled were 
similar to those in which the Romans also did wonder fully 

well. Our ancient art, literature, architecture and technology 
match the best in any ancient culture. Our system of medicine, 
Ayurveda, was also so impressive that it travelled to Greece 
and then the Arab world, and its merits are widely acknowl-
edge even today. However, all these are areas where creativity 
and industry lead to a visible and useful goal or product. The 
penchant for applied value we seem to have shared with the 
Romans. Perhaps that is why neither could the Romans add 
much to scientifi c knowledge nor could we. Among the pure 
sciences, we excelled in Mathematics and Astronomy. The cur-
rently used numerals are now acknowledged to be our gift to 
the world, as are a large number of mathematical concepts. 
However, mathe matics is a science which basically needs 
cerebral exercise, and astronomy is an observational science. 
We did not excel in any science which needed experimenta-
tion. One of our earliest documents on the scientifi c method is 
Nyaya Sutra (2nd century AD). It enumerates four methods of 
establishing identity of a fact, a phenomenon or an object, viz. 
perception, inference, comparison and testimony. Perception 
is observation, inference and comparison are mental exercises 
based on logic, and testimony is authority. These four methods 
do not include experimen tation, and they do include testimony. 
These two features—one negative and one positive—are both 
obstacles to growth of science based on experimental evidence. 
Another factor which has hindered scientifi c pursuits in India 
is our inward-looking religio-philoso phic bent of mind. While 
this attitude leads to content ment, easy reconciliation with fate, 
and peace of mind, it reduces the motivation for energetic pur-
suit of knowledge.
 Since there is a great deal of continuity in intellectual 
development from generation to generation, does it mean that 
we will never make signifi cant contributions to experimental 
sciences? Not necessarily, because passage of time is associ-
ated with not only continuity but also change. There are hope-
ful signs since independence which point to a bright future. 
Our leaders, Nehru onwards, have shown a deep commit-
ment to science. As a society, we have developed a sense of 
national pride. During the last couple of decades we have seen 
a remarkable surge of indigenous literature and arts, somewhat 
comparable to that seen in 13th century Europe. We have an 
active educational and cultural exchange with the West, and 
we are not restricted by any orthodoxy to prevent us from 
absorbing the best features of the outside world. If we can 
only recognize our several strengths and get rid of our very 
few weaknesses, we can safely predict a very bright future for 
Indian science.
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1 This is one of the several examples where a technical advance has been responsible for a revolution in scientifi c thinking. There is a common tendency 
in science to value ideas more than techniques: the comparison is moot since every new technique also starts as an idea. For a further discussion on how 
technical discoveries have paved the way for major scientifi c advances, see Garfi eld (1984).
2 Diffusion is a physical process and involves transport driven by concentration difference. Phagocytosis (phagein, to eat; kytos, cell) and pinocytosis 
(pineo, to drink; kytos, cell) are biological processes best visualised by their literal meaning, i.e. eating and drinking by cells respectively. Exocytosis is 
a biological process for expelling unwanted material or secretion by taking it near the surface, and then the membrane giving way to release the material.
3 High specifi c heat minimises fl uctuations in the temperature of a large body of water.
4 The situation bears a superfi cial resemblance to problems faced by land-locked countries.

1.2
Getting Introduced

to the Body

Two convenient points to trace the beginning of our current 
understanding of life processes are the construction of micro-
scopes by Antoni van Leeuwenhoek (1632-1723) and the 
observation of a slice of cork by Robert Hooke (1635-1703) 
under a primitive microscope.1 Hooke was fascinated by the 
architecture of the cork: it was so neat, regular and geometri-
cal (Fig. 1.2.1). In his imagination, he perhaps likened each 
polygonal compartment in the cork to the small sealed room 
of a prison, or a cell. It was soon discovered that slices from as 
diverse structures as a leaf or the liver had an architecture that 
resembled that of a slice of cork in being made up of ‘cells.’ 
Although cells from different living structures differed in detail 
they could be viewed as variations on a common theme, the 
variations being the unique structural attributes related to the 
unique function of the tissue in question. These observations 
culminated in the ‘cell theory’ postulated by the zoologist 
Theodore Schwann in 1839. In the formulation of this theory, 
he was greatly infl uenced by his conversations with his bota-
nist friend, Matthias Jacob Schleiden.

FROM UNICELLULAR TO MULTICELLULAR 
ORGANISMS

That a cell is the structural and functional unit of life is now 
an axiomatic statement in biology. Among the earliest forms 
of life existing even today are single celled organisms. A uni-
cellular organism is self-suffi cient in every respect. It ingests 
nutrients from the environment by diffusion, phagocytosis or 
pinocytosis. It gets rid of waste products by diffusion or exo-
cytosis.2 It can synthesize all the enzymes required for optimal 
utilization of the ingested nutrients. It can reproduce by simply 
dividing into two identical daughter cells. A cell may indeed be 
considered a wonderful machine. But this wonderful machine 

has limitations. Its mechanisms function only within a limited 
range of temperature, pH, osmolarity and electrolyte composi-
tion. Therefore the survival of a cell requires that the immedi-
ate environment of a cell be relatively uniform and constant 
in these characteristics. For unicellular organisms this limita-
tion poses no major problem since they live surrounded by a 
large body of sea water which is rather constant in its warmth.3 
Since the surrounding water is so huge in quantity, its pH and 
composition are also not materially affected if the unicellular 
organism picks up some nutrients from it or dumps some waste 
into it. The process of evolution led to the development of mul-
ticellular organisms. In these organisms, the cells in the inte-
rior of the organism were no longer in direct contact with the 
external environment. This made diffusion an inadequate proc-
ess, and phagocytosis or exocytosis impossible (Fig. 1.2.2).4 
In the course of evolution, this problem was initially solved 
by having the sea water run through the organism. This was 
an ingenious device to bring sea water in direct contact with 
every cell in a multicellular organism. But this simple solution 
could not work if the number of cells in the organism increased 
beyond a certain limit. The next evolutionary device which 
paralleled the further increase in size and complexity of organ-
isms was the development of a thin layer of fl uid resembling 
sea water around each cell. Thus if the sea could not be carried 
to each cell, each cell was furnished with a small private sea of 
its own. This private sea, or the interstitial fl uid, persists even 
today in organisms as highly evolved as man, and its composi-
tion is a reminder of our origins in the sea. But the small quan-
tity of the interstitial fl uid made it imperative that nutrients 
in it be replenished and waste products removed, continually 
and promptly. The quantity of fl uid being small, any removal 
of nutrients and dumping of waste would quickly change its 
pH and composition, making it an unsuitable environment for 
optimal functioning of the cellular machinery. Continual and 
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Fig. 1.2.1: (A) The type of microscope used by Robert Hooke. (B) A slice of cork, as seen by Robert Hooke under the microscope.

Fig. 1.2.2: Unicellular organisms (A) can acquire oxygen and 
nutrients by diffusion, and lose carbon dioxide and other waste 
products by the same process. But in multicellular organisms
(B) diffusion is an inadequate process for cells located deep inside 
the body (darkened).

term expedient, but it is soon apparent that ultimately there has 
to be an exchange with the external environment for a fresh 
supply of nutrients and fi nal disposal of waste. In other words, 
there have to be a few points in the circulatory system where 
the capillaries should come in close contact with the external 
environment. The structure where this happens should be spe-
cially built for picking up some nutrients from the external 
environment and passing it on to the capillaries, or for picking 
up some waste product from the capillaries and passing it on to 
the external environment. Such structures are, principally, the 
lungs, where oxygen is picked up and carbon dioxide is dis-
posed of; the kidneys, where nitrogenous waste is disposed of; 
and the gut, where all the nutrients except oxygen are picked 
up. That is one way of visualising the gut and several other 
major systems of the body. It may be noted that the heart sends 
blood to all parts of the body. Two important functions that the 
blood performs everywhere it goes are to supply nutrients and 
pick up waste products. But while passing through the lungs, 
the kidneys or the gut, it does something in addition: it picks 
up nutrients from, or gives up waste products to the external 
environ ment. In some of these organs (lungs and kidneys), 
blood discharges to the external environment waste products 
picked up from the internal environment of the cells all over 
the body. By acting as a link between the external and the inter-
nal environment, the digestive, respiratory and excretory sys-
tems replenish the nutrients used up by the body, and dispose 
of the waste products formed. The ultimate aim of these sys-
tems, therefore, is to help achieve a constancy in the charac-
teristics of the thin layer of fl uid surrounding every cell of the 
body. This fl uid, the interstitial fl uid, constitutes the immedi-
ate environment of the cells, or the internal environment of the 
body. The importance of the constancy of the internal environ-
ment (in French, milieu interieur) was fi rst stressed by Claude 
Bernard in 1857. Claude Bernard was not just an eminent 
physiologist, but is also considered the father of experimental 
medicine. The concepts propounded by him were further sup-
ported by the extensive experimental work of Walter Cannon 

prompt renewal was made possible by having a set of tubes, 
which we call capillaries, bring in nutrients to and carry away 
waste products from the tissues. The fl uid in capillaries is 
engaged in constant exchange with the interstitial fl uid, which 
in turn is doing the same with the cells. Continual and prompt 
replenishment of nutrients and removal of waste is ensured by 
the fact that the fl uid in the capillaries is in constant motion. 
Its motion was made possible by the evolution of a pump to 
provide the motive force, the heart. Capillary circulation can 
bring in fresh nutrients and dispose of waste products as a short 
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in the early twentieth century. Cannon coined the term home-
ostasis to describe the constancy of milieu interieur (homoios, 
similar; stasis, position).5

 Systems such as the digestive, respiratory and excretory 
contribute rather directly to homeostasis. The role of blood and 
cardiovascular systems is also obvious from the above discus-
sion. An important contribution to homeostasis is made by the 
endocrine and the nervous systems by coordinating the activi-
ties of all the other systems that participate more directly in 
homeostatic mechanisms. The endocrine system takes time to 
initiate action, and once the action has been initiated, it con-
tinues for quite long. In comparison, the nervous system initi-
ates action much faster, and its action can also be switched off 
promptly.
 A little refl ection would show that every part of the body 
makes some contribution to the survival of the whole organ-
ism by doing something to maintain the composition, pH and 
temperature of the internal environ ment at an optimal level. 
The optimal level is that at which the enzyme systems func-
tion best, nutrients are available in quantity and quality com-
mensurate with the activity of the tissue in question, and waste 
products remain well below toxic levels.6

PRINCIPLES OF REGULATION: CONTROL 
SYSTEMS

Most of the regulatory systems of the body follow a character-
istic pattern. Information about some change in the process or 
product to be regulated is reported to a regulator. The regula-
tor initiates events which work in a direction opposite to the 
reported change. The result is that the original change is neu-
tralized and the process or product being regulated returns to a 
set level recognized as normal. The mode of regulation bears 
a remarkable resemblance to the way many machines work. 
For example, the thermostat of an oven or automatic electric 
iron maintains the temperature of the instrument very close 
to a set level. When the temperature tends to rise above the 
set level, the instrument is automatically switched off. On the 
other hand, when the temperature tends to fall below the set 
level, the instrument is automatically switched on, and stays 
on till the temperature reaches the set level. The similarity has 
prompted the use of many terms used for describing control 
systems in engineering. The use of these terms and mathemati-
cal treatment based on the control theory have improved our 
understanding of regulatory systems in the body. On the other 
hand, studying the body in this fashion has helped us build 
better machines.
 A control system (Fig. 1.2.3) is basically designed to main-
tain a controlled variable at a set point. The value of the con-
trolled variable is continuously monitored by a sensor. The cur-
rent value of the controlled variable is conveyed by the sensor 
to the controller in the form of a feedback signal. The feedback 
signal and the set point constitute the inputs for the controller. 

The feedback signal is naturally affected by any disturbance 
which alters the value of the controlled variable. The controller 
compares the feedback signal with the set point; the difference 
between the two is called the error. The output of the control-
ler is conveyed to an effector. As a result, the effector applies 
a correction which takes the controlled variable towards the 
set point. A control system such as this one is called a negative 
feedback system because the effector response is negative to 
the initiating stimulus (disturbance).

Response Characteristics of a Control System
When we say that a control system maintains a controlled vari-
able constant, we are only approximately right. First, the effect 
of a disturbance is not corrected immediately; there is a latency, 
or dead time. Secondly, the effect of a disturbance is not cor-
rected completely; there is a residual change. The quantitative 
relationship between the disturbance and the correction, and its 
time course, may be represented graphically. There is a large 
variety of responses possible in control systems but biological 
control systems usually show response characteristics of the 
type shown in Figure 1.2.4. This type of curves result from the 
fact that the initial response is related to the rate at which the 
disturbance is produced, or technically, dY/dt. This is called the 
derivative or differential (D) component. The later part of the 
response is proportional to the magnitude of disturbance, i.e., 
DY. This is called the proportional (P) component. Thus the 

5 The students willing to get charged with enthusiasm for learning more and more would do well to read some original works of Claude Bernard and 
Walter Cannon (see p. 41).
6 It may be an instructive exercise for the student to refl ect and try to fi gure out how the skin and skeletal muscles contribute to homeostasis.

Fig. 1.2.3: The essential elements of a control system.
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Fig. 1.2.4A: Response characteristics of a biological control system. 
There is a lag (dead time, t) between the onset of the disturbance 
and the beginning of the response. The response incorporates a 
component P which is proportional to magnitude of the disturbance. 
However, the actual response also incorporates a derivative 
component (D) which is related to the rate at which the disturbance 
is produced, and is therefore initially very brisk (1). The later phase 
of the response (2) is determined primarily by the P component. At 
the end of the response there is still a residual change (r).

Fig. 1.2.4B: Response char acteristics of a control system with a 
large D com po nent. The large D compo nent leads to an oscillatory 
response. Besides the large D component, longer dead time (t) also 
promotes oscillations by permitting a greater overshoot before the 
system responds.

control systems in the body are proportional-differential (PD) 
control lers. Within the PD control systems also several grada-
tions are possible. If the D component is large, the response 
shows a few damped oscillations.

Regulation Factor
The regulation factor (R) is a measure of the accuracy of reg-
ulation. As seen above, a disturbance leads to some residual 
change in the controlled variable in spite of the regulatory 
systems. However, the residual change is much less than the 
change which might have been there in the absence of the con-
trol system. Mathematically,

R = 
Change with regulation

Change without regulation

 Hence, lower the value of R, higher is the accuracy of 
regulation.

Gain
Gain is also a measure of the quality of regulation.

Gain = 
Correction applied
Residual change

 Hence, higher the gain, higher the accuracy of regulation. 
However, higher the gain, more the chances of oscillations as 
well.
 The concepts of regulation factor and gain have been illus-
trated by means of examples in Table 1.2.1. Suppose a person 
loses so much blood that his blood pressure drops from 120 
mm Hg to 100 mm Hg. However, in the absence of regulatory 
mechanisms the blood pressure would have possibly dropped 
to 60 mm Hg. Thus the change of blood pressure is only 20 
mm Hg instead of 60 mm Hg. The regulatory system has cor-
rected the error to the extent of 40 mm Hg. In other words, 
the observed change is only one-third of the change that would 
have been seen in the absence of the regulatory system; this 
is the regulation factor. The correction applied is double the 
error that is left uncorrected; this is the gain. A system with 
a much higher gain is the temperature regulatory system. The 
body temperature is set at 37°C. A cold exposure which may 
be expected to bring the body temperature down to 20°C actu-
ally brings it down only to 36.5°C. Thus the observed change 
is only 0.5°C instead of 17°C, i.e. 1/34th of the anticipated 
change. The gain of the system is 33.

Additional Complexities in Control Systems
Many biological control systems are more complex than the 
relatively simple systems described above. Some features 
which introduce additional complexities have been discussed 
briefl y below.

Servomechanisms
In some control systems, the set point is not a fi xed entity. 
If the set point changes from time to time, the system is 
called a servomechanism. The stretch refl ex which regulates 
muscle length is an example of a servo mechanism. The rest-
ing muscle length of a given skeletal muscle changes in 
different positions of the limb. Therefore the set point at which 
the length is regulated is different in different positions of the 
limb.

Variable Gain
The gain of a control system also may not be fi xed. The gain 
may change continuously during the response. It is easy to 
understand that it would be helpful to have a high gain initially, 
and a low gain during the later part of the response (Why?).7 
The initial high gain increases the speed with which most of 
the response is completed. The low gain later reduces the oscil-
lations in the response. Some biological control systems, e.g. 
the stretch refl ex, have a variable gain.

Anticipatory Control
It would be helpful if some variables which have to be regulated 
very accurately are controlled by anticipating a disturbance. 
This is possible if instead of monitoring only the controlled 
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variable, the controller also monitors the factors which may 
lead to a disturbance. In this way the correction can be initi-
ated before the disturbance has actually taken the value of the 
controlled variable much away from the set point. Anticipatory 
control exists in case of thermoregulation. The hypothalamic 
thermo sensors detect changes in the controlled variable, i.e. 
body temperature. But, in addition, the hypothalamic controller 
also monitors the environmental temperature by being in touch 
with the cutaneous thermoreceptors. Thus thermoregulatory 
responses can be initiated before the changes in environmental 
temperature have succeeded in changing the body’s core tem-
perature (Chapter 5.2). That is why thermoregulation has such 
a high gain (Table 1.2.1).

Coupling
Sometimes two control systems are coupled when simultane-
ous changes in effectors of both are likely to be physiologi-
cally useful. For example, hypoxia stimulates respiration. But 
because of the coupling of respiratory and cardiovascular con-
trol systems, the blood pressure also rises simultaneously. In 
hypoxia, if in addition to hyperventilation, the blood pressure 
also rises, it is helpful because it increases blood fl ow through 
the organs. Besides being coupled to respiration, of course, the 
cardiovascular regulatory centres also respond directly to dis-
turbances in cardiovascular function, such as changes in blood 
pressure.

Unusual Phenomena in Control Systems
A few uncommon or abnormal phenomena observed in control 
systems have been discussed below.

Undamped Oscillations
We have seen above that sometimes the response of a control-
led system may consist of a few damped oscillations before 
it settles down at a level close to the set point. But occasion-
ally the oscillations are not damped and the controlled vari-
able keeps oscillating around a mean which is close to the set 
point. Undamped oscilla tions are favoured by a high gain and a 
long dead time. The high gain makes it likely that the response 
may overshoot the desired level. The long dead time allows the 
overshoot to reach a considerable value before the overshoot is 
corrected by the negative feedback mecha nism. Thus the oscil-
lations continue. A good example of undamped oscillations is 
Cheyne – Stokes’ breathing.

Positive Feedback
We have so far discussed only negative feedback systems 
because only they can bring back a variable to a desired level 
if it tends to go astray. Most of the control systems in the body 
are of the negative feedback type. A little refl ection would 

show that the effects of positive feedback would be disastrous 
(Why?).8 If a disturbance increases the value of the control-
led variable, in a positive feedback system the controller will 
respond to the disturbance by increasing the value of the con-
trolled variable still further. Now the feedback signal gets still 
stronger resulting in a still stronger response. Thus the control 
system actually increases the rate at which the disturbance 
would produce its effect and also increases the magnitude of 
the effect. For example, if a person is exposed to heat, a small 
rise in body temperature, in a positive feedback system, would 
raise the temperature still further, giving rise to fever which 
will keep rising higher and higher.
 However, there are some situations in the body which oper-
ate on the basis of positive feedback. Some examples where 
positive feedback is normal are given below:
1. Sex hormones normally inhibit gonadotropin secretion by 

negative feedback. But one or two days before ovulation, 
high estrogen levels actually increase the levels of luteiniz-
ing hormone (LH) and follicle stimulating hormone (FSH). 
The LH and FSH surge are essential for ovulation (Chapter 
10.3).

2. During labour, uterine contractions push the fetus down 
towards the cervix. Stretching of the cervix stimulates uter-
ine contraction by positive feedback. Uterine contractions 
push the fetus further down, stretching the cervix still more, 
which in turn induces more uterine contractions. Thus by 
positive feedback the uterine contractions keep getting 
stronger till the baby is delivered (Chapter 10.4).

3. Some blood coagulation reactions are autocatalytic in 
nature. Once a small amount of thrombin is formed, it acts 
on prothrombin to form still more thrombin. Thus thrombin 
triggers the formation of still more thrombin. Autocatalytic 
reactions are thus a form of positive feedback.9

CONCLUSIONS
We have seen in this chapter the importance of homeo stasis 
and the general principles of homeostatic regu lation. Many of 
the examples given to illustrate the concepts are somewhat pre-
mature at this stage. There fore it is enough for the time being if 
you understand the basic principles. However, you will fi nd it 
very interesting and profi table to return to this chapter after you 
have studied a few organ systems.

QUESTIONS AND PROBLEMS
1. What is feedforward control?
2. If we have homeostatic mechanisms for regulating blood 

pressure, why do some people get hypertension?
3. Is the ‘residual change’ a compromise that the body accepts?

Table 1.2.1: Indices of quality of regulation*

Controlled variable Set point Disturbance Hypothetical change Residual change Correction applied by Regulation factor Gain
   without regulation with regulation regulatory system (R)

Blood pressure 120 mm Hg Haemorrhage 60 mm Hg 20 mm Hg 40 mm Hg 1/3 2

Body temperature 37°C Cold exposure 17°C 0.5°C 16.5°C 1/34 33
*Cover the last three columns of the table with a piece of paper. Fill them in yourself on the paper. Lift the paper and verify your answers.
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4. Can a single effector work in both directions: stepping up, 
or stepping down, a function?

5. Besides a high gain, long dead time and large D component, 
what else favours oscillations in the response of a control 
system?

6. Are there any examples of oscillatory control in normal 
physiology?

ANSWERS AND SOLUTIONS
1. It is the same as anticipitory control. It is so called because 

it depends on being fed information that does not still exist. 
In other words, it operates on the basis of information that 
is forward in time.x

2. For regulation of blood pressure, there are short-term as 
well as long-term homeostatic mechanisms. Hypertension 
represents the failure of long-term mechanisms. There are 
also reports of reduced sensitivity of baroreceptors, a short-
term mechanism, in hypertensive patients. But this reduc-
tion may be an effect rather than the cause of the hyperten-
sion. Sustained hypertension possibly leads to an adaptation 
of baroreceptors, which manifests as reduced sensitivity (in 
the same way as staying in a stinking area for some time 
leads to reduced sensitivity to the smell).

3. Not necessarily. Set point being the most desirable level of 
a variable is our way of looking at the situation. For most 
variables, there is a range of normal values, and function 
anywhere in the range can be equally good. At the set point, 
which is near the middle of the range, there is not much 
need for the homeostatic mechanisms to do anything. But 

that is not necessarily the best thing to happen: the homeo-
static mechanisms are not built to be lazy. In fact, the more 
they are used, the more effi cient they get.

4. Yes, it can. For example, if increased activity of a nerve 
increases the heart rate, decreased activity of the same 
nerve will decrease the heart rate. Of course, this is pos-
sible only if there is some basal activity in the nerve all the 
time. But having two effectors makes the control system 
more effi cient. For example, the body has two sets of nerves 
for regulation of heart rate: sympathetic and parasympa-
thetic. Sympathetic activity increases the heart rate while 
parasympathetic activity decreases the heart rate. The two 
together act like the accelerator and brake in a car. Although 
a car can be slowed down by using only the accelerator, 
even the best driver sometimes has to use the brake to make 
slowing down more effi cient in order to avoid an accident. 

5. Besides these factors, a small P component also favours 
oscillations because the smaller the P component, more 
the response of the control system is dominated by the D 
component.

6. Yes, there are a few known examples, and many more may 
be discovered. In fact, it is being realized now that an abso-
lutely constant normal value is a myth. An oscillatory phe-
nomenon is not a pragmatic compromise, but in fact a more 
effi cient control mechanism than one giving a fi xed con-
stant value. Oscillations keep the system free of inertia: it is 
always ready to predict and respond to imminent changes. 
The known examples of oscillatory control are the oscilla-
tions of testosterone and LH concentrations after puberty, 
and the oscillations of ACTH and cortisol concentrations.
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1.3
Fundamentals of 

Molecular and Cell 
Biology

Imagine a child who has just found a piece of coloured glass. He 
enjoys looking at everything around through the glass because 
he is fascinated by the new colourful look of familiar objects. 
Probably in the same way, Robert Hooke was trying to see every 
object around under the new microscope he had just fabricated 
in the middle of seventeenth century. One of these objects hap-
pened to be a piece of cork. Hooke was fascinated by its archite-
cure consisting of neat little compartments. He likened each of 
these compartments to a room, and therefore called them cells. 
It took almost another two centuries before Schleiden, a bota-
nist, and Schwann, a zoologist, genera lised that the basic unit 
of every living organism, plant or animal, is a cell similar to 
the ones in the cork. The cell theory propounded by Schleiden 
and Schwann has stood the test of time. Now it is an accepted 
fact in biology that cell is the structural, functional and devel-
opmental unit of life. The structure of a ‘typical’ cell, with 
which you are already familiar, is shown in Fig. 1.3.1 (See also
Plate I).
 Evolution of cells is closely linked to the evolution of life. 
Evolution of life was probably preceded by a chemi cal evo-
lution. It seems that about 4 billion years ago conditions on 
earth favoured the formation of a few simple carbohydrates, 
amino acids and nitrogenous bases from the atmospheric gases. 
The packaging of these compounds in a membrane resulted in 
the formation of primitive cells. These cells somehow ‘learnt’ 
to oxidize their contents to release energy, and replenished 
their contents from the surroundings. But gradual depletion 
of readymade compounds in the environment compelled the 
evolution of mechanisms to synthesise at least carbohydrates 
from the atmospheric carbon dioxide. The crucial step which 
gave ‘life’ to these chemical factories was the evolution of 
mechanisms for self replication accompanied by information 
transfer. Once the cell could divide, and pass on information 
so that products of the division would also behave like the 
parent, the basic features of life had been achieved. Nucleic 
acids and proteins played a crucial role in this process. Initially, 
only the cell had a membrane around it; its contents fl oated 
freely within. Bacterial cells are still like that, and are called 
prokaryotic cells. The next step in evolution was the packag-
ing of nucleic acid in a membrane bound structure to form the 
nucleus, and the appearance of several other membrane bound 
structures, called organelles, within the cell. This description 

of the evolution of a cell is extremely brief. But even the most 
detailed accounts cannot avoid presumptions and fl ights of 
imagination because nobody really knows how the miracle 
called ‘life’ actually happened.

THE CELL MEMBRANE
The cell membrane is more than a boundary. It is a vital and 
dynamic structure responsible for guarding the uniqueness of 
the contents of the cell as compared to the outside. It is also the 
fi rst point of contact with any agent that is capable of infl uenc-
ing the cell. The cell membrane is also called the plasma mem-
brane to distinguish it from other cellular membranes which 
surround the organelles.
 Under the electron microscope the cell membrane presents 
a three-layered structure, 8-10 nm in thickness. The simplest 
interpretation of the structure is provided by the Danielli-
Davson model. According to this model, the membrane con-
sists of a lipid bilayer coated on either side with a layer of pro-
teins. But some observations have prompted several modifi -
cations of this model. The currently accepted interpretation is 
the fl uid mosaic model of Singer and Nicolson, fi rst proposed 
in 1972. The lipid bilayer is intact in this model as well. Its 
distinguish ing features are fi rstly, the dynamic nature of the 
membrane, and secondly, the presence of transmembrane pro-
teins which span the entire width of the membrane instead of 
being confi ned to the surface (Fig. 1.3.2).
 The physiochemical basis of the lipid bilayer lies in the 
nature of the lipid molecules. Lipid molecules have hydropho-
bic nonpolar fatty acyl tails and a hydrophilic polar head. In 
an aqueous medium, lipid molecules arrange themselves as a 
bilayer, with the polar heads towards the outside and the non-
polar tails towards the inside, facing each other. Phospholipids, 
cholesterol and glycolipids form the major lipids of the cell 
membrane. The composition of membrane lipids is affected to 
some extent by the nature of dietary lipids.
 Proteins which span the width of the membrane form 
hydrophobic linkages with fatty acyl chains. These proteins are 
known as intrinsic or integral proteins. In addition the mem-
brane also incorporates some surface proteins known as extrin-
sic or peripheral proteins. These proteins are attached to the 
polar heads of the lipids through electrical linkages.
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Fig. 1.3.1: Schematic diagram of a ‘typical’ cell.

Fig. 1.3.2: Diagrammatic repre sen tation of the fl uid mosaic model of the cell membrane. Note the lipid bilayer, the integral proteins which 
span the entire width of the membrane, peri pheral proteins which are con fi ned to the surface, and surface carbohydrates.

 The cell membrane, besides acting as a selectively perme-
able barrier, also acts as a receiver and transducer of informa-
tion. It incorporates several enzymes, transport proteins, recep-
tors for hormones and neurotransmitters, and antigenic deter-
minants. Since all these functions differ from cell to cell, time 
to time, and on the inside as compared to the outside surface of 
the membrane, the cell membrane is a heterogenous, dynamic 
and asym metrical structure.

Cell Junctions
In multicellular organisms adjacent cells are joined to each 
other. At the points of contact the cell membrane shows varying 
degrees of fusion and specialization depending on the require-
ments of the tissue. The junctions found in various tissues are 
classifi ed into three types—tight junctions, gap junctions and 
desmosomes.

Tight Junctions
A tight junction is characterised by fusion of adjacent cell mem-
branes so that the junction has a 5-layered appea rance under 

the microscope (Fig. 1.3.3). The tight junction forms a continu-
ous belt between adjacent cells and prevents or at least reduces 
transport of substances in the extracellular space between cells. 
Tight junctions are found in the epithelial lining of the gas-
trointestinal tract where they prevent the passage of substances 
from the lumen to the interior of the gut by the intercellular 
route. Thus the tight junctions ensure that only well-digested 
nutrients are absorbed by specialized mechanisms instead of 
an indiscriminate fl ow of materials from the lumen to the gut.

Gap Junctions
At gap junctions there is a 2 nm gap between adjacent cells. 
The gap is bridged by a few hollow cylindrical structures which 
allow substances to pass from one cell to another. Gap junc-
tions are thus regions of intercellular communication. They are 
very widespread in distri bution. Even tissues which have tight 
junctions often have gap junctions deeper down.
 Gap junctions are specially important where rapid commu-
nication between adjacent cells is a functional requirement, as 
in smooth muscle and cardiac muscle. In smooth muscle, a gap 
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junction is called a nexus, and in cardiac muscle it forms a part 
of the intercalated disc.

Desmosomes
Desmosomes are button-like junctions between adjacent cells 
involving only small circumscribed spots on the cell mem-
branes. The cell membranes do not come in contact with each 
other at desmosomes but are separated by a gap of 25-30 nm 
which is fi lled with a carbohydrate-rich material. On the cyto-
plasmic sides of the membranes also there are electron-dense 
plaques in which are embedded fi ne fi brillar structures called 
tonofi laments. The function of desmosomes probably is to pro-
vide structural support. Desmosomes are most abundant where 
fi rm support is essential, as in the epidermis.
 The same tissue may have tight junctions near the surface 
in order to provide an impermeable surface, gap junctions at 
an intermediate depth to allow intercellular transport and com-
munication, and desmosomes at a still greater depth to keep the 
cells together (Fig. 1.3.3).

THE ORGANELLES
The membrane-bound structures within the cell are called 
organelles (literally, tiny organs). We shall discuss below all of 
them except the nucleus. The nucleus is so important that we 
shall discuss it separately a little later. The membranes which 
enclose organelles are similar to the plasma membrane.

Rough Endoplasmic Reticulum
The cytoplasm shows a network of interconnected fl at mem-
branous sac-like structures (cisternae) and tubular structures. 
The network is known as endoplasmic reticulum (ER). Rough 
endoplasmic reticulum (RER) is that part of the ER which 
bears on its cytoplasmic surface granular structures known as 
ribosomes. Chemically, ribosomes are made up of ribonucleic 
acid (RNA) and proteins.
 Ribsosomes are the site of translation of messenger RNA 
(mRNA) into proteins. Once a protein has been synthesized on 
the ribosomes, it may undergo post-translational modifi cation 
in the cisternal elements of RER.
 As is understandable, the highest density of RER is found 
in cells actively engaged in protein synthesis, e.g. pancreatic 
acinar cells.

Polyribosomes
mRNA molecules are translated into polypeptide chains by 
several ribosomes simultaneously. These multi-ribosome-
mRNA complexes are called polyribosomes, or simply polys-
omes. The number of ribosomes in a polysome depends on the 
length of the mRNA molecule which, in turn, depends on the 
length of the peptide chain encoded in the mRNA.

Smooth Endoplasmic Reticulum
Smooth endoplasmic reticulum (SER) is that part of the ER 
which does not have ribosomes. It is more tubular and less 
vesicular than the RER. SER is primarily a system of intracel-
lular transport. It may be considered the circulatory system of 
the cell. In addition, it takes on special functions in different 
parts of the body. For example, in small intestinal epithelium, 
resynthesis of digested dietary fat into triglycerides takes place 
in the SER. In adrenal cortex and reproductive system, syn-
thesis of steroid hormones occurs in the SER. In liver, detoxi-
fi cation of several endogenous and exogenous chemicals is 
carried out in the SER. For these metabolic functions SER 
carries the necessary enzymes which, being proteins, are syn-
thesized on the RER. In skeletal muscle, SER is modifi ed to 
form a system, called sarcoplasmic reticulum, for conducting 
the impulse of excitation and storing calcium ions. SER is best 
developed in cells which synthe size steroid hormones.

Microsomes
Microsomes are a creation of experimental cell biology. If cel-
lular components are centrifuged in steps at graded speeds, 
they can be separated into several fractions. One of the ‘light-
est’ fractions contains microsomes, which are derived from the 
RER and SER.

The Golgi Complex
The Golgi complex (or apparatus) is so called because in the 
days of light microscopy it could be seen only by the silver 
impregnation technique first devised by Camillo Golgi in 
the nineteenth century. For a long time it was just a mysteri-
ous structure close to the nucleus. Electron microscopy has 
revealed that it consists of a stack of 3 to 12 fl attened saucer 
like cisternae separated from one another by a distance of 
20-30 nm (Fig. 1.3.4). Each cisternal element has, like a 

Fig. 1.3.3: Intercellular junctional complexes. Note that the cell 
membranes of adjacent cells, which normally have a trilaminar 
appearance under the microscope, appear 5-layered at tight 
junctions due to the fusion of outer layers. The gap junction is a 
region of intercellular communication. Arrows indicate the passage 
of substances from one cell to another. Desmosomes are specially 
designed to provide structural support.
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saucer, a convex face and a concave face. A number of vesicu-
lar structures can be seen attached to either face. Functionaly 
speaking, vesicles attached to the convex face are those which 
have detached themselves from the RER and contain the pro-
tein products synthesized by the RER. These vesicles are in the 
process of fusing with the Golgi complex. Vesicles attached 
to the concave face are those which are in the process of bud-
ding off from the Golgi complex. After getting detached from 
the Golgi complex, these vesicles form secretory granules and 
other types of vacuolar structures.
 Protein and polypeptide secretions of exocrine and endo-
crine glands are passed on to the Golgi complex after being syn-
thesised by the RER. The secretions are not only stored in the 
Golgi complex but also concentrated, pro cessed and packed. 
Further, it is in the golgi complex that the secretions also 
acquire an address label which determines where the secretions 
will be sent. Concentration is achieved by pump ing out water 
and electrolytes. Processing may include addition of the carbo-
hydrate moiety to proteins to form glycoproteins, sulphation of 
mucopoly sac charides, or cleavage of the polypeptide chain to 

form the active product. For example, proinsulin is cleaved by 
the Golgi complex to form insulin and the C-peptide. Further, 
it is in the Golgi complex that the secretions also acquire an 
“address label” which determines where the secretions will be 
sent. The concen trated and processed product is packaged into 
vesicular structures which detach themselves from the Golgi 
complex. The fate and nomenclature of these vesicular struc-
tures depends on the nature and function of the products. They 
may form secretory granules or vesicles and be discharged 
from the cell by exocytosis. Or, they may enclose a variety of 
hydrolytic enzymes and form lysosomes.

Lysosomes
Lysosomes are vesicular organelles, 200-800 nm in diam-
eter. They are packed with granules which are aggregates of 
proteins. The proteins packed in lysosomes are hydrolytic 
enzymes; hence the name lysosomes (lyein, to loosen, to dis-
solve, to release; soma, body). More than 60 different hydro-
lytic enzymes have been reported to be present in lysosomes. 
These enzymes are capable of splitting carbohydrates, pro-
teins, lipids, nucleic acids and mucopolysaccharides1 into their 
constituent units such as monosaccharides, amino acids, fatty 
acids, etc. The lysosomal enzymes are activated by an acidic 
environ ment. The lysosomal membrane itself is resistant to the 
action of lysosomal enzymes.2 In some cells lysosomes assume 
a special form and function. For example, the granules of blood 
granulocytes (a category of white blood cells) are essentially 
lysosomes. The acrosome of a sperm is also a lysosomal struc-
ture and plays a role in penetration of the oocyte.
 Lysosomes constitute an intracellular digestive system. 
They digest unwanted components of the cell itself as well as 
harmful extracellular substances entering the cell by phagocy-
tosis or pinocytosis. The lysosomes, as pinched off from the 
Golgi complex, are called primary lysosomes. After a primary 
lysosome has fused with the vacuole or vesicle containing 
the material to be digested, it forms the secondary lysosome. 
After the process of digestion has been completed, a secondary 
lysosome forms the residual body. The residual body gener-
ally discharges its contents by exocytosis. Sometimes, how-
ever, residual bodies containing some indigestible substances 
may be retained in the cell. Such collections of residual bodies 
gradually increase with age, and are believed to contribute to 
impairment of physiological function associated with the proc-
ess of aging.

Peroxisomes
Peroxisomes are ovoid structures, 300-1500 nm in diameter, 
found in liver cells and in proximal convoluted tubules of the 
kidney. Their shell possibly arises from the SER. They con-
tain several oxidative enzymes which are synthesized, like 
other proteins, on the ribosomes. Most of these enzymes pro-
duce hydrogen peroxide as a product, and hence the name per-
oxisomes. However, one of the peroxisomal enzymes, cata-
lase, breaks down hydro gen peroxide into water and oxygen 

Fig. 1.3.4: The Golgi complex. Vesicles containing protein secretions 
synthesized by the rough endoplasmic reticulum fuse with the Golgi 
complex (1). The Golgi complex stores, concentrates, processes 
and packs the secretions. The fi nal product detaches itself from the 
Golgi complex (2) and is fi nally discharged by exocytosis (3). Similarly 
triglycerides synthesized in the smooth endoplasmic reticulum may 
be transported to the Golgi complex (4), processed into chylomicrons, 
detached from the Golgi complex (5) and discharged by exocytosis 
(6). The membrane is extensively recycled. The cell membrane may 
contribute to the membrane of organelles such as the Golgi complex 
(7), and the organelles may contribute to the cell membrane (8).

1 Is there anything left to split!
2Unless that is so, lysosomes cannot remain intact. In addition, the cell would die due to destruction of all its components by the enzymes released from 
lysosomes. This tragedy forms the basis of some diseases.
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and thereby pre vents cellular damage by hydrogen peroxide. 
Peroxisomal enzymes are involved in the breakdown of fatty 
acids and in alcohol metabolism.

Recycling of the Membrane
We have seen that the endoplasmic reticulum gives rise to at 
least a part of the Golgi complex and peroxisomes, the Golgi 
complex gives rise to secretory granules and lysosomes, secre-
tory granules fuse with the plasma membrane while discharg-
ing their contents by exocytosis, lysosomes fuse with vacuoles 
the boundary of which originated from the plasma membrane, 
and the secon dary lysosomes again fuse with the plasma 
membrane while discharging their contents extracellularly by 
exocytosis. All these processes involve enormous recycl ing 
of cellular membrane. The same length of membrane may be 
present in various organelles, or as plasma membrane at differ-
ent times.

Mitochondria
Mitochondria (singular, mitochondrion) are the power houses 
of a cell where its energy currency, adenosine triphosphate 
(ATP), is synthesized. The shape of mitochondria varies from 
spherical to thin and elongated but is fairly uniform within a 
given cell type. The number of mitochondria in a cell varies 
from less than a hundred to three hundred thousand. Their loca-
tion in a cell is related to the site of maximum energy need.
 Mitochondria have a double membrane around them (Fig. 
1.3.5). The outer membrane is quite permeable to water and 
various other substances in the cell, and simply wraps the mito-
chondrion. The inner membrane, which is highly imperme-
able, is thrown into folds known as cristae. Hence the inner 
membrane has a large surface area.3 On the inner surface of 
the inner membrane are closely packed particles, each with a 
head and a short neck. These particles are known as elemen-
tary particles or F1 particles or inner membrane spheres (IMS). 
Some of the mitochondrial enzymes are located in the elemen-
tary particles while others are present free in the matrix. The 
matrix also contains DNA, ribosomes and particles, 30-40 nm 
in diameter. Mitochondria are unique among organelles in con-
taining DNA, ribosomes, and the enzymes required for replica-
tion of DNA and protein synthesis. The machinery is utilized 
for mitochondrial proliferation during cell division and for 
synthesizing some of the mitochondrial proteins. The partial 
autonomy of mitochondria, and the fact that their DNA and 
ribosomes resemble those of prokaryotes,4 suggest that mito-
chondria might have originated from symbiotic prokaryotic 
organisms which got completely incorpo rated in the structure 
of eukaryotic cells in the course of evolution.
 The major function of mitochondria is the fi nal oxidation 
of body fuels and effi cient harnessing of the energy released. 
Final oxidation is accomplished in the Krebs cycle, the 
enzymes for which are located in the mitochondrial matrix. 
The energy released is harnessed in the form of high energy 

bonds of ATP, which is formed by oxidative phosphorylation. 
The enzymes for oxidative phosphorylation, also known as the 
electron transport chain, are located in the elementary particles.
 The other important function of mitochondria related to 
energy production is the beta oxidation of fatty acids, some 
enzymes for which are present in the matrix and others on the 
inner membrane.
 Other functions of mitochondria are to complete the fi nal 
steps of synthesis of steroid hormones (the initial steps take 
place in the SER), and to regulate intracellular calcium by con-
centrating calcium ions in the 30-40 nm particles in the matrix.
 In the brown adipose tissue, which is specially rich in 
mitochondria, mitochondria serve the purpose of heat produc-
tion as an aid to regulation of body temperature. The mecha-
nism is specially important in some animals and in the human 
newborn.

Cytoskeletal Elements
These are the cellular elements which lend shape and form 
to the cell. They also help the cell to change its shape. Since 
change of shape involves bending or folding or some other 
movement, cytoskeletal elements possess a mechanism for 
motility. The same or similar elements may also be employed 
for movement of the entire cell. In fact, motion seems to be a 
very fundamental biological mechanism. There is a remarkable 
degree of similarity in the molecular mechanisms of motility 
from the sub cellular through organismal level. The similarity 
will unfold gradually in subsequent sections of this chapter but 
before that we shall discuss the structural details of the major 
cytoskeletal elements.

Microfi laments
Microfi laments are composed of the protein actin organized 
into fi brillar structures. Actin is a contractile protein present 
also in skeletal muscle. Microfi laments may not be always 
present in an organized form in the cell. Actin may be present 

Fig. 1.3.5: Diagrammatic representation of ultrastructure of a 
mitochondrion. The portion enclosed in the rectangle in (A) has been 
enlarged in (B).

3 It may be argued that the large surface area forces it to arrange itself in folds! The fact is that the surface area of the inner membrane is large, and it is 
thrown into folds: it is diffi cult to assign a cause and effect relationship. The surface area is dictated by the metabolic needs of the cell. Cardiac muscle 
fi bres, which need to generate large amounts of ATP, have mitochondria with inner membranes of very large surface area. Hence the cristae of these 
mitochondria are very densely packed.
4 Prokaryotes are cells which lack a nucleus, e.g. the bacterial cells. Cells having a nucleus are called eukaryotic.
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“dissolved” in the cytoplasm, and may arrange itself into 
microfi laments only when required.

Microtubules
Microtubules are long tubular elements, about 25 nm in diam-
eter, distributed randomly in all types of cells (Fig. 1.3.6). They 
are composed of the protein, tubulin. Detailed structure of a 
microtubule shows that it is composed of thirteen ‘protofi la-
ments’, each 5 nm in diameter. Each protofi lament is made up 
of tubulin subunits arranged spirally.

Cilia
Cilia are numerous short projections arising from a cell. In 
some unicellular organisms, cilia are used for loco motion of 
the whole organism. But in human beings cilia are used for 
moving material along the surface of cells that do not them-
selves move, e.g. in the ciliated epithe lium of the respiratory 
tract.
 Each cilium arises from a basal body in cytoplasm. The 
ultrastructure of a cilium shows that it is composed of nine 
peripheral ‘doublets’ and two ‘singlets’ in the centre (1.3.7). 
Each ‘singlet’ is a microtubule, and has thirteen protofi laments 
as described above. Each ‘doublet’ is made up of two closely 
aligned microtubules A and B. One of them, microtubule A, is 
complete. But the other one, microtubule B, has only eleven 
protofi la ments and shares a part of its wall with microtubule
A. Each doublet also has a long outer arm and a short inner arm 
made up of the protein dynein.
 The basal body has only nine peripheral units, but these 
are ‘triplets’, i.e. made up of three microtubules—one com-
plete and two incomplete. It seems the foun dation by which the 
cilium is anchored to the cell is stronger than the cilium, and 
that is how it should be.

Flagellum
If there are only one or two processes resembling cilia pro-
jecting from a cell, and their length is much longer than 
that of cilia, they are called fl agella. In some microorgan-
isms, flagella provide the organism with a mechanism of 
locomotion. In human beings, the tail of a sperm is essentially 
a fl agellum.
 The ultrastructure of a fl agellum is exactly the same as that 
of a cilium.

Centriole
Centrioles are paired cylindrical structures located near the 
nucleus. Their structure is very similar to that of the basal body. 
Centrioles and other microtubular structures of the cell play an 
important role in formation of the spindle during metaphase of 
cell division.

Functions of Cytoskeletal Elements
Cytoskeletal elements are responsible for the shape of a cell. 
But their more fascinating function is to perform some move-
ments. In muscle tissue movement needs (a) an increase in 
calcium ion concentration in the muscle cell, (b) at least two 
major contractile proteins: actin and myosin, and (c) energy, 
which is released by the breakdown of ATP. Breakdown of 
ATP is catalysed by myosin which, besides participating in 

Fig. 1.3.6: Detailed structure of a microtubule. (A) cross-sectional 
view; (B) side view. (Reprinted, with permission, from Hopkins
C. Structure and Function of Cells, 1978. Courtesy: WB Saunders 
Co Ltd, London, Fig. 163, p. 233).

Fig. 1.3.7: Cross-sectional view of a cilium or a fl agellum. (Reprinted, 
with permission, from Hopkins C. Structure and Function of Cells, 
1978. Courtesy: WB Saunders Co Ltd, London, Fig. 165, p. 235).

the mechanical aspects of contraction, also acts as an ATPase. 
Movements engineered by cytoskeletal elements have exactly 
the same basic features.
 In case of microfi laments, release of Ca2+ triggers the proc-
ess, myosin present in the cell acts as the ATPase, and also 
engages mechanically to make actin fi laments slide past one 
another.
 In case of microtubules, tubulin plays a role similar to 
actin, and dynein similar to myosin. The result is that microtu-
bules can slide past each other.
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 The above mechanisms, employing either micro tubules or 
microfi laments, are used by cells to perform an amazing vari-
ety of functions, some of which are listed below:
a. locomotion by means of pseudopodia,
b. movement of cilia or fl agella,
c. movement of intestinal microvilli,
d. changes in cell shape during phagocytosis, pino cytosis or 

exocytosis,
e. transport of neurotransmitters and other substances synthe-

sized in the cell bodies of neurons to the axon terminals,
f. formation of the mitotic spindle,
g. cell cleavage during telophase, and
h. changes in cell shape during organogenesis in embryonic 

life.

INCLUSIONS
Besides the organelles discussed above, cells may have other 
structures or chemicals for a specifi c function. These inclusions 
sometimes come to dominate the appearance of the cell. Some 
examples of cell inclusions are the chlorophyll-containing 
chloroplasts in plant cells, haemoglobin in red blood cells, fat 
in adipose cells, glycogen in liver cells, mucus in goblet cells, 
and melanin in pigment cells of the skin and hair.

NUCLEUS
Now we come to the organelle which directs the activities of 
rest of the cell. Nucleus is the storehouse of genetic informa-
tion. It also determines what part of the genetic information 
will be expressed by a given cell, and to what extent it will 
be expressed at a given moment. The nucleus is enclosed in 
a nuclear envelope. The nuclear envelope is made up of two 
membranes separated by the perinuclear space. The outer 
nuclear membrane is continuous with the endoplasmic retic-
ulum (ER) and the perinuclear space is continuous with the 
hollow space of the ER. The nuclear envelope is interrupted by 
large pores, about 100 nm in diameter. The pores have a com-
plex organization so that only an area about 9 nm in diameter is 
available for passage of materials.
 The nucleus contains chromatin material dispersed 
throughout the nucleoplasm. Chemically, chromatin is deoxyri-
bonucleic acid (DNA). DNA is the basic unit of genes, which 
determine what a cell does or looks like. Since the characteris-
tics of an organism depend on what its cells do and look like, 
DNA determines the char acteristics of the whole organism. 
During cell division the chromatin material gets organized into 
thread like structures known as chromosomes. Chromosomes 
occur in pairs. The number of chromosome pairs in a given 
species is fi xed. For example, human beings have 23 pairs of 
chromosomes. Of these, 22 pairs consist of two apparently 
identical chromosomes each in both males and females. These 
22 pairs are called autosomes. The twenty third pair, called het-
erosomes, consists of two apparently identical chromosomes 
(each called an X chromosome) only in females. In males, the 
twenty third pair consists of one X chromosome and one much 
shorter chromo some, called the Y chromosome. Heterosomes 
are also known as sex chromosomes. Thus the sex chromo-
somes of a female are XX, and in case of a male they are XY.

 The number and chemical confi guration of chromo somes is 
essentially constant from one individual to another. That is why 
all individuals of a species are so similar. But small differences 
in the chemistry of chromosomes account for the differences 
between individuals. The number and quality of chromosomes 
stay essentially constant through cell division and reproduc-
tion, as discussed in greater detail later in the chapter.
 Within the nucleus there are also one or more dense col-
lections of granules. Each collection is called a nucleo lus. The 
nucleolus is not surrounded by a membrane. The nucleolar 
granules are made up of ribonucleoproteins. The function of 
the nucleolus is to synthesize ribosomes.

COMMUNICATION BETWEEN CELLS
No cell is an island unto itself. Cells infl uence one another by 
sending messages. In current terminology, these messages are 
called signals. The cell which releases signaling molecules is 
called the signaling cell. The cell which responds to the sig-
naling molecules is called the target cell. The target cell has 
receptors for the signaling molecules. Cell-to-cell signaling is 
of many types, depending on the distance between cells (Fig. 
1.3.8). The signaling cell and target cell may be in contact with 
each other. Alternatively, these cells may be separated by a 
short distance across which the signaling molecules can dif-
fuse from the signaling cell to the target cell: such communi-
cation is called paracrine signaling. If the signaling and target 
cells are separated by a long distance, the signaling molecules 
(hormones) may be transported by the blood stream: such com-
munication is called endocrine signaling. The nervous system 
is a special case of cell-to-cell signaling. Here the signaling 
molecule (neurotransmitter) travels from the signaling cell (a 
neuron) to the target cell (another neuron, or a muscle cell, or a 
gland cell) across a junction (synapse).

Fig. 1.3.8: Different types of cell-to-cell signaling mechanisms. A and 
B, paracrine signaling; C, endocrine signaling.
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 The process initiated in the target cell by the signal-recep-
tor interaction is called signal transduction. Signal transduction 
generally consists of a series of enzymatic reactions resulting 
in a chain of intracellular signaling molecules. Such cascades 
lead to amplifi cation of the initial signal. The fi nal signaling 
molecules may infl uence the rate of metabolic reactions in 
the cytoplasm or alter genetic transcription in the nucleus. A 
relatively small group of highly conserved signal transduc-
tion mecha nisms serves in a wide variety of situations all over 
the body. These mechanisms will be discussed at appropriate 
places in the book.

CELL DIVISION
Even a multicellular organism begins its life as a single cell. 
The transformation of the single cell into a multicellular organ-
ism involves the twin processes of cell division and differen-
tiation. Even after the organism is born it continues to grow, 
which again involves cell division and differentiation. Even 
after growth ceases cell division and differentiation have to 
continue, although on a smaller scale, to compensate for normal 
wear and tear. We shall discuss the process of cell division in 
some detail. The essence of cell division lies in precise repli-
cation and division of the nuclear material so that the daugh-
ter cells have exactly the same genes as the parent cell. Cell 
division of the type required for growth and repair is known 
as mitosis. Sexual reproduction involves another type of cell 
division in the sex organs, which is known as meiosis. We shall 
talk about both mitosis and meiosis one by one.

Mitosis
The need for mitosis varies with the organ or tissue. Some cells 
such as blood cells, superfi cial skin cells and cells of the gas-
trointestinal epithelium have a very rapid turnover, and there-
fore frequently repeated mitotic division. When a cell is not in 
the mitotic phase, it is said to be in interphase. The interphase 
is a variable period of preparation for the mitotic phase and 
is divided into a G1 phase during which RNA and protein are 
synthesized, S phase during which DNA is replicated, and G2 
phase of cytoplasmic growth.
 G1 phase is the fi rst gap phase of extremely variable dura-
tion. At some point during G1, the critical decision that the cell 
should undergo division is taken. The duration of G1 after this 
decision is likely to be relatively constant. During S phase, an 
essential part of mitosis has already begun. The DNA is rep-
licated so that at the end of the S phase the cell has exactly 
double the quantity of DNA of exactly the same quality. This 
miracle is possible because DNA is a double helical structure. 
The two strands of the helix have a complementary structure. 
Prior to replication the two strands separate with the help of 
DNA helicases. Each strand synthesizes its complement. Thus 
two new double helical structures are produced, identical to the 
fi rst one. After the S phase there is a second preparatory gap 
phase, G2, during which the cell grows so that it has enough 
cytoplasm for two daughter cells. After the G2 phase begin 
the four classical phases of the mitotic, or M phase. The entire 
process is actually continuous but is divided into apparently 
well defi ned phases purely for convenience. Now we shall dis-
cuss the four phases of mitosis.

Prophase
The two centrioles move apart to reach the opposite poles of 
the cell. The two centrioles are connected by a set of spindle 
fi bres.
 The chromatin material condenses to form chromo-
somes. Each chromosome is composed of a pair of chroma-
tids, attached to each other by a centromere. Each chromatid is 
practically a complete chromosome because DNA has already 
duplicated during the S phase.
 The nuclear membrane “dissolves” and nucleoli may not be 
seen.

Metaphase
The chromosomes move to the equator of the spindle fi bres. The 
centromeres split, followed by separation of the chromatids.
 The centrioles duplicate so that each pole of the spindle 
now has two centrioles.

Anaphase
The separated chromatids (now called chromosomes) move 
towards the opposite poles of the spindle. A constriction 
appears along the middle of the cell indicating that it is on the 
way to forming two cells.

Telophase
Telophase essentially reverses the events of prophase. The 
chromosomes are dismantled to form long, thin strands of 
DNA which form the chromatin network. The chromatin net-
work gets enclosed in the nuclear membrane. Nucleoli reap-
pear, and spindle fi bres disappear.
 Thus the cell now has two nuclei. The process by which 
two nuclei are formed from one is called karyokinesis. The 
constriction between the daughter cells deepens. Finally, the 
two daughter cells separate from each other completely. The 
process of splitting of the two cells is known as cytokinesis.

Regulation of the Cell Cycle
Cell cycle is a fi nely regulated process. In a healthy adult, cell 
division replaces the dying cells almost exactly. Thus there 
is a mechanism which triggers cell division when required, 
and also a mechanism which checks cell divi sion when not 
required. Further, the differentiated cells may arise from undif-
ferentiated precursor cells. This requires mechanisms to keep 
some of the precursor or stem cells undifferentiated through 
several divisions in order to retain their pool, and also to divert 
some of the dividing undifferentiated cells along the path of 
differen tiation. A cell may withdraw from the cell cycle either 
as a result of differentiation, or when it undergoes pro grammed 
cell death (apoptosis). The key molecules in these regulatory 
mechanisms are cyclins. Cyclins regulate a series of enzymes 
called cyclin-dependent kinases (Cdks). The activity of Cdks 
is regulated by cyclins in response to cell size, DNA content of 
the cell, and cellular environment. DNA damage is a signal for 
checking cell division, as is contact of a cell with neighbouring 
cells. There are two important checkpoints where cyclins may 
arrest cell division: in the G1-S phase, or in the G2-M phase. 
Escape from these checkpoints leads to uncon trolled cell divi-
sion, which may result in cancer. In a person with a healthy 
immune system, cells in which checkpoints for cell division 
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From Multicellular to Unicellular

In the course of evolution unicellular organisms possibly 
evolved into multicellular organisms. Because of the simplic-
ity of unicellular existence, many facts about multicellular 
organisms have been learnt from studies on primitive life 
forms. Successful efforts have also been made to grow cells 
from multicellular organisms in an artifi cial medium outside 
the setting of the normal body. At least for some time, the 
cells can be studied while they grow, divide and function 
under these simplifi ed artifi cial conditions. The exercise is 
known as cell culture.
 The basic principle of cell culture is to provide the cells 
a physical and chemical environment as close to that in 
the body as possible. In the process what we do achieve 
is an environment which caters to the minimum essential 
requirements of the cells. In the absence of circulation, the 
nutritional and excretory requirements of the cells have to 
be met by diffusion, as in a unicellular organism. Therefore 
the tissues are split up into single cells, or at least into small 
groups of cells, so that at least part of the surface of every 
cell is available for diffusion. For a short term culture, it is 
sometimes enough to divide the tissue into very thin wafers. 
But for a longer-lasting culture, the tissue is treated with 
enzymes such as collagenase and trypsin. Collagenase dis-
rupts the collagen fi bres which bind cells in connective tis-
sues. Trypsin digests the adhesive components on the cell 
surface. The medium provides all the major inorganic ions 
in an appropriate concentration, glucose, amino acids, vita-
mins, oxygen, physiological pH and a temperature of 37°C. 
In order to prevent unwanted microorganisms from growing 
in this nutritious medium, some appropriate antibiotics also 
might have to be added. Often the cultured cells can survive 
in this medium but do not divide. They may be stimulated to 
divide by adding some growth factors, several of which are 
now known. Or, we may simply add to the medium foetal 
calf serum or some embryonic tissue because these are rich 
sources of growth factors.
 Even under optimal conditions, human cells have a limited 
capacity for division, usually limited to fi fty mitotic cycles. 
The older the person from whom the cells have come, less 
the number of divisions possible. Thus aging does affect 
function at cellular level. Under certain conditions some 
cells can be made to undergo repeated division almost 
indefi nitely. Such cell lines, however, show some loss of dif-
ferentiation. Tumour cells, which are poorly differentiated, 
may also divide almost indefi nitely in cell culture. This is in 
keeping with the general principle in biology that differentia-
tion and proliferative capacity are usually inversely related. 
An ingenious technique achieves fusion of tumour cells and 
differentiated cells. The product is a cell called hybridoma 
which has the proliferative capacity of a tumour and func-
tional ability of a differentiated cell. Hybridoma technology 
is a very useful technique in basic research and also has a lot 
of applied potential.

have failed are treated like foreign cells and eliminated. But if 
the scale of the failure is unmanageable, or the immune system 
is weak, the mass of poorly differentiated and rapidly dividing 
cells may keep growing, eventually leading to cancer.
 An interesting observation regarding the maximum number 
of divisions that a cell can undergo concerns the role of telom-
eres and telomerase. Telomeres are the ends of chromosomes. 
These regions consist of several repeats of guanosine (G)-rich 
sequences. Telomeres confer stabi lity on chromosomes during 
cell division. With each division, the telomeres shorten—a 
process called blunting of the ends of chromosomes. When 
chromosomes get too blunt-ended, the cell stops dividing, and 
starts getting ready to die by apoptosis. However, some cells 
also have an enzyme, telomerase, which can repair the dwin-
dling telomeres. Cells which have telomerase can, therefore, 
undergo more cell divisions. But eventually other factors, such 
as damaged DNA, enter the picture and the cell fi nally stops 
undergoing further mitosis.

Meiosis
Mitosis works very well for maintaining uniformity of cells 
within an individual, but would be unsuitable for maintaining 
uniformity in the species which reproduce sexually. Sexual 
reproduction involves union of a cell from the male and a cell 
from the female to form the fi rst cell of the progeny. Union 
of two cells produced by mitosis would result in a cell which 
would have double the number of chromosomes as compared 
to the parents. This problem has been solved in biology by 
modifying the process of mitosis in sex organs. Production of 
sex cells (called gametes) takes place by means of a special 
type of cell division known as meiosis. In meiosis the daugh-
ter cells have half the number of chromosomes as compared 
to the parent cell. That is why meiosis is also known as reduc-
tion division. Union of one male and one female gamete results 
in the formation of the fi rst cell of the progeny with the right 
number of chromosomes for the species concerned. After that 
repeated mitosis coupled with differentiation can serve the pur-
pose of producing a multicellular organism.

GENETICS
Everyday observations must have taught mankind long ago 
that no two individuals are exactly alike, that children resemble 
their parents, that some twins are remarkably similar, and that 
some diseases are familial. What exactly determines the char-
acteristics of an individual, and how parental characteristics 
are transmitted to children was, however, not known till very 
recently. The foundations of modern genetics were laid by a 
monk, Gregor Mendel in the 1850s. He observed in his mon-
astery garden in Brunn (then in Austria) that there was some 
defi nite but confusing relationship between the characteristics 
of the parents and the progeny among pea plants. He decided to 
unravel the maze through experiments.
 With remarkable research acumen, he chose well- defi ned 
pairs of contrasting characters, and started with parents which 
bred true, i.e. if self-pollinated, they always gave progeny 
exactly like the parents. He studied only one or two traits at a 
time, obtained a very large number of observations and treated 
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them mathematically. Thus he broke the complex problem of 
heredity into a few clearly observable features, and handled the 
data from a statistical angle. The wisdom inherent in the plan-
ning and execution of his research has earned him a permanent 
place of honour in every book on life sciences.
 Let us now see some of his experiments (Fig. 1.3.9). He 
crossed a pure breeding strain of red-fl owered pea plant with 
a pure breeding white-fl owered strain. He observed that the 
progeny were all red-fl owered. Wondering where the white-
fl owering trait disappeared, he let the progeny self-pollinate. 
He collected more than 900 seeds from these plants, and 
planted them. To his delight, the progeny of these red-fl ow-
ering plants were not all red-fl owered. About three-fourths 
were red-fl owered but about one-fourth were white-fl owered. 
From a large number of experiments of this type, he collected 
enormous amount of data. Without the aid of any computer, 
he analysed the data and postulated a scheme of inheritance 
of characteristics which could explain all his observations. He 
summarised the essential features of the scheme in terms of a 
few laws. In broad terms, he proposed that parents have the 
capacity of passing on a character to the progeny through two 
alternative ‘particles’, or genes. In sexual reproduction, the 
progeny receives two genes for each character, one from the 
mother and one from the father. The expression of the char-
acter in the progeny depends on whether both parents trans-
mit the same types of genes or two different types of genes. 
If both parents transmit the same type of genes, the progeny 
is homozygous, and naturally shows the character encoded 
in the genes. If, however, both parents transmit different type 
of genes, the progeny is heterozygous for the character con-
cerned. In the heterozygous state, only one trait (the dominant 
trait) is expressed in the progeny. The other (the recessive trait) 
remains hidden. However, the heterozygous individual passes 
on the dominant or the recessive trait with equal probability to 

Runaway Multiplication

Cell division is a fi nely regulated process. In an adult, forma-
tion of new cells by proliferation is exactly matched with 
the loss of cells by cell death. However, if an error in the 
mechanisms of cell cycle regulation leads to excessive cel-
lular proliferation, the result may be cancer, also called 
malignancy. There are many checks within the body which 
prevent this eventuality. First, the regulation of cell cycle is 
complex, and involves multiple controls. Therefore error in 
only one or two of these controls can be compensated by 
the mechanisms that are still intact. Hence it needs an accu-
mulation of several mutations before cell division assumes 
runaway dimensions. Secondly, cells which multiply rapidly 
are invariably poorly differentiated. Therefore these cells 
may be recognized by the immune system as ‘non-self’ and 
eliminated. Thirdly, a growing mass of cells, when it exceeds 
2 mm in diameter, also needs additional blood supply. If new 
blood vessels are not formed to increase the blood supply, 
the size of the tumor gets automatically restricted. Such self-
restricted tiny tumors go unnoticed because they do not 
lead to disease. Finally, there are tumor suppressor genes, 
the expression of which shows adaptive enhancement when 
runaway proliferation is imminent. However, there are 
occasional situations when all these regulatory mechanisms 
fail, and cell division gets out of hand, leading to cancer. This, 
quite understandably, happens usually in old age by which 
time DNA damage in cells has accumulated to dangerous 
levels, and immune function is also impaired. The other age 
group, in which cancer is relatively common, although not 
as common as in old age, is young children. This is possibly 
because immune function is not fully developed in children.
 The genetic basis (not the hereditary basis) of cancer 
resides in oncogenes. Oncogenes are normal genes which 
regulate cell cycle, but may share in the DNA damage which 
is a part of the aging process. Since such damage does not 
involve germ cells, cancer is not inherited, although the ten-
dency for a few selected cancers may be. Oncogenes belong 
to two categories: proto-oncogenes and tumor suppressor 
genes. Proto-oncogenes are genes which normally mediate 
the effects of various growth factors. Thus the products 
of proto-oncogenes stimulate cell division. Damage to the 
DNA of proto-oncogenes may increase their expression. 
Abnormally high expression of proto-oncogenes predis-
poses to the development of cancer. Well known proto-
oncogenes include K-ras and c-myc. Tumor suppressor genes 
are genes which normally inhibit cell division or induce 
apoptosis (programmed cell death). These genes also show a 
timely enhanced expression when cellular DNA is damaged, 
or the cell is exposed to an environment in which excessive 
proliferation is likely. Impaired function of tumor suppressor 
genes also predisposes to cancer. The best known tumor 
suppressor gene is p53.

Fig. 1.3.9: Mendel’s simplest experiments with the pea plant. 
Crossing a pure breeding red fl owering plant with a pure breeding 
white fl owering plant gave progeny (fi rst fi lial generation, F1) bearing 
red fl owers only. Self-pollination of these plants gave progeny (second 
fi lial generation, F2) bearing red and white fl owers in the ratio 3:1.
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its own progeny. Mendel’s results have been explained in terms 
of his theory in Figure 1.3.10.

Molecular Basis of Genes
When Mendel published his results in 1865, they were greeted 
with a good deal of scepticism because they were far ahead 
of time. It took many steps, and nearly a century, before we 
knew the molecular basis of genes. In 1868 Haeckel postulated 
that hereditary characteristics were transmitted to the prog-
eny through the nucleus. In 1877 Flemming observed that the 
chromatin material in the nucleus arranged itself into a defi -
nite number of chromo somes during some phases of the cell 
cycle. In 1903 Sutton and Boveri independently observed that 
the division of chromosomes during the production of gametes 
(sperm and ovum) followed a pattern similar to that of Mende-
lian characters. Each individual had chromosomes in pairs, and 
Mendel had postulated genes to be in pairs. Each gamete car-
ried only one member of the chromosome pair, and Mendel 
had postulated that a parent transmits only one of the two alter-
native forms of the gene to its progeny. The progeny acquired a 
pair of each chromosome—one member from the mother, and 
one member from the father—exactly as Mendel had pro posed 
for the genes. The similarity was too close to be glossed over! 
Soon afterwards, chromosomes were shown to be composed 
of nucleic acids and proteins, but it was not known which of 
these molecules carried the code for characters. In 1944 Avery, 
MacLeod and McCarty demon s trated through experiments on 
the bacteria known as pneumococci that the hereditary mate-
rial is deoxyribo nucleic acid (DNA). In 1953 Watson and Crick 

proposed the double helical structure of DNA which provided 
the basis of chemically exact duplication, and hence the suit-
ability of DNA as a molecule for carrying the genetic code. 
The genetic code was deciphered by Nirenberg in 1961, and 
the fi rst gene was synthesized under laboratory conditions by 
Hargobind Khorana in 1970. That, in short, is the more than 
100-year journey from hypothetical ‘genes’ to the molecular 
basis of genes (Fig. 1.3.11).

The Basis of Similarity and Variety
The number of chromosomes in every cell of the body is con-
stant for a given species. The portion of a chromosome which 
codes for a character is called a gene. The position of a gene on 
a chromosome is called its locus. The loci of genes for different 
characters are also constant for a given species. The sequence 
of nitrogenous bases in the DNA constituting a given gene is 
also very similar in all individuals of a species. Thus a great 
deal of molecular similarity forms the basis of similarity of 
individuals of a species. However, there are small individual 
differences in the sequence of nitrogenous bases in the DNA 
constituting some genes. These differences account for the 
variety within a species.
 The genetic make-up of related species is also quite similar. 
Greater the phylogenetic distance between species, greater is 
the difference between their genetic make-ups.

From DNA to Characters
In order to understand how DNA is eventually decoded in 
terms of a character, it is essential to understand the structure of 
the DNA molecule. DNA has a double helical structure. Each 

Fig. 1.3.10: Results of Mendel’s experiments illustrated in Fig. 1.3.9 
explained. The parents were pure breeding, and hence homozygous. 
All progeny in F1 are heterozygous (RW), but since red is the dominant 
trait, all plants in F1 bear red fl owers. F1 plants, being heterozygous, 
give two types of gametes (R and W). Self-pollination of F1 plants 
leads to red and white fl owering plants in the ratio 3:1 in F2.

Fig. 1.3.11: Gradual unfolding of the molecular basis of genes, which 
were once only a hypothesis. The genetic code paved the way for 
genomics. Now that the human genome has been worked out, we 
are moving on to proteomics and metabolomics.
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strand of the helix has repeated units of a nitrogenous base, a 
sugar (deoxyribose), and a phosphate group. The nitrogenous 
bases in DNA are adenine (A), guanine (G), thymine (T) and 
cytosine (C). The nitro genous bases of the two strands of a 
DNA molecule are linked by hydrogen bonds. It is found that 
A is always linked to T, and G always to C. The sequence of 
nitro genous bases in a given chromosome in a given individual 
is fi xed. The constancy is possible because during mitosis DNA 
can replicate itself exactly. Small differences in the sequence 
account for the differences between individuals. Only one of 
the two strands of DNA gets decoded into a character. The code 
is in terms of the sequence of nitrogenous bases. A set of three 
bases (triplet) codes for an amino acid. Each triplet coding for 
an amino acid is also called a codon. A long chain of codons 
thus codes for a protein.
 Not all DNA is decoded into protein. It is astonishing that 
only about 1% of the human DNA is decoded into protein. The 
coding regions of chromosomes are called exons, and the non-
coding regions introns. The non-coding regions include the 
regulatory genes, which have been discussed a little later.

From DNA to Proteins
DNA is in the nucleus, and proteins are synthesized in the cyto-
plasm. How does the nuclear code express itself in the cyto-
plasm? The message is carried from the nucleus to the cyto-
plasm by the messenger ribonucleic acid (mRNA). A strand of 
DNA sends the message through a specifi c strand of mRNA. 
The specificity is ensured through the complementarity of 
nitrogenous bases. Each A in DNA codes for a uracil (U) resi-
due in mRNA, each T for an A, each G for a C, and each C for 
a G. Thus the mRNA molecule mirrors the portion of the DNA 
strand which has served as a template for its transcription. The 
mRNA goes to the cytoplasm and arranges itself on the ribos-
omes. Then another variety of RNA, the transfer RNA (tRNA) 
brings amino acids one by one to mRNA, again on the basis 
of complementarity. For example, the codon GUC on mRNA 
codes for valine. Correspondingly, a tRNA with the sequence 
CAG will serve as a carrier for bringing valine towards the 
appropriate site on mRNA. The amino acid is transferred from 
tRNA to a ribosome. The ribosome then moves to the next 
codon on the mRNA, and stays there till the appropriate amino 
acid has been brought there. The process continues till all the 
amino acids required for the protein have been linked to each 
other. You may wonder how the amino acid chain knows where 
to begin and where to stop. There are codes on the mRNA for 
that also. The codon AUG acts as a start signal, and the codons 
UAA, UGA and UAG signal termination of the chain. When 
the chain-terminating codon is reached, the polypeptide gets 
detached from the ribosome and enters the rough endoplasmic 
reticulum. In the RER some post-translational modifi cation 
may be induced before the protein is passed on to the Golgi 
complex.

From Proteins to Characters
What a cell does and what it looks like depends primarily on 
the proteins which it synthesizes. All enzymes are proteins, 

and hence alterations in proteins may alter enzymic activi-
ties. Several hormones, and vital subs tances like haemoglobin 
are also protein. Therefore the characteristics of an organism 
depend a good deal on its proteins. Although alterations in a 
few single proteins are known to be linked to diseases such as 
sickle cell anaemia and phenylketonuria, it needs considerable 
imagination to link characteristics such as shape of the nose 
to protein molecules. But that is probably partly because of 
ignorance, and partly because of our unwillingness to go into 
the complex chain of events responsible for each character and 
to examine how proteins might infl uence different links in the 
chain.

Regulatory Genes
If every cell of the body has exactly the same quantity and 
quality of genetic material (i.e. genome), why does a liver cell 
differ from a white blood cell or a muscle cell? The answer lies 
in the fact that only a small fraction of the genome is expressed 
by a cell, and the fraction expressed is different for different 
cells. The portion of the genome to be expressed is determined 
by regulatory genes. Certain base sequences in the DNA mol-
ecule act as promoters of transcription. The activity of promot-
ers is, in turn, infl uenced by enhancer sequences. The enhancer 
may be 1000 base pairs away from the promoter but has to be 
on the same DNA molecule. In addition, the expression of a 
gene may be induced positively by an exogenous inducer sub-
stance. There are also repressor genes which infl uence gene 
expression negatively by synthesizing repressor proteins. Gene 
expression (or lack of it) fi nally depends on a complex inter-
play of factors which affect it positively and negatively. As 
mentioned earlier, most cells in the body express only 1% of 
the genome.

Inheritance of Characteristics
Chromosomes are the medium of inheritance. Each gamete 
has only half the number of chromosomes characteristic of 
the species (haploid number). During meiosis, not only is the 
number of chromosomes halved, there is also some exchange 
of genetic material between the two members of a pair. This 
phenomenon is called cross-over. The segregation of chromo-
some pairs at meiosis is a random process, and occurs inde-
pendently for each pair. Therefore, there are theoretically, 223 
combinations that a parent can transmit to a particular child, 
and 246 genetically distinct children may be born to a single 
couple. The variety is, actually, even greater, because of the 
phenomenon of crossover.

Modes of Inheritance
A trait may be transmitted by a gene (or genes) located on one 
(or more) of the 22 pairs of autosomes. A given autosomal trait 
may be dominant or recessive. Accor dingly, inheritance of the 
trait is said to be autosomal dominant or autosomal reces-
sive. An autosomal recessive trait will express itself only in the 
homozygous state (why?).5 For example, familial hypercholes-
terolemia is an autosomal dominant trait, and phenylketonuria 
is an autosomal recessive trait.

5 If you don’t know why, go back a few paragraphs to fi nd it out.
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 Alternative forms of a gene are called alleles. Sometimes 
neither of the alleles present in an individual is clearly domi-
nant or recessive. Such inheritance is called codominant. A 
good example of autosomal codominant inheritance is blood 
group substances A and B. If the gene for group A is present on 
one chromosome, and that for group B on the other, the person 
will have blood group AB.
 Some traits are transmitted by sex chromosomes. Such 
traits are called sex-linked characters. The only character 
known to be transmitted by the Y chromosome is the testis-
determining factor (TDF), which is responsible for converting 
the basically female gonad into the testis.
 Diseases with an X-linked dominant inheritance are 
relatively few. Vitamin D resistant rickets is an example of an 
X-linked dominant trait. But there are several diseases with 
X-linked recessive inheritance. These diseases usually affect 
only the males because females are protected by the domi-
nant normal gene on the other X chromosome. Examples of 
diseases inherited as an X-linked recessive trait are red-green 
colour blindness and haemophilia.
 There are many characteristics such as height, or intelli-
gence, and diseases such as diabetes or heart disease, which 
show infl uence of heredity but their inheritance cannot be 
explained in clear terms. These traits follow a continuous dis-
tribution, i.e. their range covers a broad spectrum. The behav-
iour of these traits indicates that they are determined by a large 
number of genes, each of which individually has only a small 
infl uence on the trait. Such inheritance is therefore called mul-
tifactorial. Traits showing multifactorial inheritance show 
a blending of maternal and paternal features in the progeny. 
For example a tall father and short mother are most likely to 
have children of intermediate height. Multifactorial inheritance 
also results in regression towards the mean. For example, two 
exceptionally intelligent partners are most likely to bear chil-
dren who would be intelligent but not exceptionally so. The 
reason is that exceptional forms of a continuous trait are the 
result of a rare combination of a large number of heritable fac-
tors. Such rare combinations are unlikely to be repeated when 
one half of genes from two different sources unite to form a 
new combination.
 Examples of continuous traits showing multifactorial 
inheritance are height, intelligence, body weight, blood pres-
sure, skin colour and red cell size. A few disconti nuous traits 
also show multifactorial inheritance, e.g. peptic ulcer.

Appearance of New Characters
It is not uncommon for the child to have characteristics which 
are not present in either parent. There are several possible 
mechanisms which can explain this pheno menon.

Homozygosity
Some recessive trait may be manifested in neither parent 
but they may both be carrying it in their chromosomes. The 
manifestation is prevented by the dominant gene present at 
the corresponding point on the other member of the chromo-
some pair. Half the gametes produced by the parents will have 

the chromosome with the dominant gene, and half will have 
the one with the recessive gene. Children born as a result of 
union of two gametes, both having the recessive gene, will be 
homozygous with respect to the recessive gene. They will man-
ifest the trait coded by the recessive gene although it was not 
seen in either parent.
 In general, normal characters are the dominant ones. 
Therefore many abnormalities may be unmasked by homozy-
gosity. Also, the chances of the same abnormal gene being 
present in more than one member of a family are greater 
than in the general population. Therefore abnormalities are 
unmasked more frequently by this mechanism in consanguine-
ous marriages and in small closed communities like Jews or 
Zoroastrians.

Mutations
Mutations are heritable changes in the genes of an 
individual during his or her lifetime. These changes
are due to an error in the process of DNA replication. Mutations 
may be ‘spontaneous’ or may be attributable to some chemicals 
or ionising radiations. Keeping in view the complexity of the 
process and the frequency with which cell division occurs, it is 
surprising that mutations are relatively rare. The rarity of muta-
tions may be due to the following reasons.6

a. Error in DNA replication in somatic cells during mitosis 
will not have any impact on the next gene ration. It is only 
errors in germinal cells during meiosis which may be inher-
ited by the progeny provided the gamete so affected actually 
participates in fertilization.

b. There are four nitrogenous bases in DNA and a sequence 
of three bases codes for an amino acid. Theoretically, four 
bases can give 43, i.e. 64, different triplets. But there are 
only 20 different amino acids. Some of the base sequences 
serve as starting and terminating signals. But that still 
leaves many more than 20 triplets to code for amino acids. 
As a result, most of the amino acids are coded by more than 
one triplet. Therefore an error in DNA replication does not 
necessarily alter the amino acid coded by the affected part 
of the DNA molecule.

c. Only non-lethal mutations manifest in the next generation. 
If a mutation results in so serious a defect that survival is 
impossible, the embryo may die in utero or soon after birth. 
Only neutral mutations and mutations which result in small 
handicaps are noticeable in the next generation. However, 
some mutations may even result in a favourable feature 
which improves the quality of life or has survival value. 
Such mutations possibly contribute to evolution of new 
forms of life.

Environment
Environment has a profound effect on genetic expression. 
For example, the height of an individual is the product of the 
genetic make-up and environmental factors such as nutrition 
and exercise. Intelligence quotient is the product of inher-
ited intelligence and environmental factors such as nutrition 
and environmental stimulation. The genetic make-up of an 

6 Think of the reasons yourself before you read further.
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individual is called genotype. The actual characteristics mani-
fested by the individual are called phenotype. Phenotype is the 
result of inter action between the two alleles in the genotype 
and the environment.

The Human Genome Project
We have seen in a general way that characters are coded by 
genes, and that genes are located on chromosomes. How spe-
cifi c can we get on that point? For example, do we know which 
part of which chromosome codes for the colour of the eyes? 
Further, do we know in precise detail what part of that chro-
mosome differs in two persons, one of whom has black eyes 
and the other has blue eyes? Till now we cannot be so spe-
cifi c about all genes, but soon we may be, thanks to the human 
genome initiative. The initiative, commonly called the ‘human 
genome project’, was launched in 1990 by USA. It was com-
pleted recently through the participation of several countries 
around the world, including India. The human genome project 
is said to be the most ambitious scientifi c project ever under-
taken in human history.
 Let us see what has been done under the human genome 
project. We have twenty-three pairs of chromo somes, of which 
one pair (sex chromosomes) has dissimilar members in males. 
Thus there are twenty-four chromosomes (chromosomes 1-22, 
X and Y) to be studied. The twenty-four chromosomes have 
an estimated 100,000 genes coded by three billion nucleotides. 
Each of these nucleotides has one of four nitrogenous bases—
adenine (A), thymine (T), guanine (G) or cytosine (C). What 
we had to do, therefore, were two things. First, fi nd the gene on 
each portion of each chromosome. That is the ‘address’ of the 
gene. For example, the address of a particular gene may be D 
16 S40. Although it looks complex, the address may be inter-
preted as chromosome no. 16, block S, house no. 40. Further, 
the portion of a chromosome constituting one gene may have 
10,000 nucleotides. We should know the exact sequence of 
these nucleotides in terms of A’s, T’s, G’s and C’s. That is the 
second thing we had to do. The human genome project was 
considered complete only when we worked out the nucle-
otide sequence of every ‘house’ in each of the twenty-four 
chromosomes.
 Let us fi rst examine the potential uses of the knowledge 
which human genome project has brought us. We are soon 
likely to know the precise error in DNA which is responsible for 
every hereditary disease. That would be the fi rst step towards 
therapy which might attempt to insert the error-free DNA at the 
right place. Further, it may make it possible to know in advance 
who is likely to develop in later life one of the diseases which 
have a strong hereditary predeliction, such as diabetes, heart 
disease, Alzheimer’s disease or breast cancer. An early warning 
may help initiate precautions early in life which could prevent 
or delay the onset of the disease. Here is where some problems 
also begin. For example, should a woman undergo mastectomy 
just because she has a high probability of getting breast cancer 
at a later date? A day might come when any individual may be 
able to have his entire genetic profi le worked out. The data may 
be fed into a computer to get his potential strengths and weak-
nesses and to predict illnesses: a sort of modern horoscope. If 
that becomes possible, it raises the question whether society 
will tend to classify human beings on the basis of their genes? 

Will individuals with certain genes be stigmatised or discrimi-
nated against? In order to prevent such misuse, can information 
about individual genomes be kept confi dential? These are the 
types of complex social, ethical and legal issues we are likely 
to face in the not-too-distant future.
 While these fascinating and frightening possibilities 
belong to the future, the immediate scientifi c task on hand is 
to decipher the part of the genome which is expressed in dif-
ferent parts of the body, and the proteins through which it is 
expressed. This area of work, called proteo mics, may taken 
even longer than the human genome project. A related issue 
is to work out the function of these proteins, and in case of 
enzymes, to work out their role in metabolism: this area of 
research has been named metabolomics. Gene expression is 
vulnerable to environ mental infl uences, including nutrition. 
Nutrient-gene interaction is also a fascinating and rapidly 
evolving area of research.

CONCLUSION
Cell is the fundamental unit of life, and accordingly cell biol-
ogy forms the basis of life sciences. This brief chapter can only 
provide an introduction to this fascinating area in which the 
frontiers of knowledge are being pushed further every year. If 
this chapter has succeeded in whetting your appetite for more, 
and raised some ques tions in your mind as it is intended to, you 
will be looking for a more detailed account elsewhere. Some 
more details on this subject would be available to you in a bio-
chemistry text. If that does not satisfy you, several excellent 
books on cell biology, genetics and biotechno logy should be 
available in your library.

QUESTIONS AND PROBLEMS
1. Do the two strands of the DNA molecule correspond to the 

two alternative forms of genes present in an individual?
2. Explain why in case of diseases having an X-linked domi-

nant inheritance all sons of the affected males are normal 
while all daughters suffer?

3. What is a probe?
4. What is DNA amplifi cation? How is it done and why?
5. What are Southern, Northern and Western blotting?

ANSWERS AND SOLUTIONS
1. No. The two genes for each character are present at cor-

responding loci on each member of a pair of chromosomes. 
The gene on a given chromosome is made up of DNA, 
which has two strands. One strand of the DNA that gets 
expressed is translated into mRNA (Fig. 1.3.12).

2. This is because the affected father transmits only the Y 
chromosome to his sons. The Y chromosome has no locus 
for the character responsible for the disease.

 On the other hand, the patient can transmit to his daughters 
only the abnormal X chromosome because that is the only 
X chromosome he has. The daughters will get their other 
X chromosome from the mother, the normalcy of which is 
not of much use because the abnormal trait carried by the X 
chromosome from the father is dominant.
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3. A probe is used for detecting a specifi c type of DNA. It 
consists of a short single-stranded DNA molecule, the base 
sequence of which is complementary to that of the DNA to 
be detected. The probe is labeled in such a way that it emits 

Fig. 1.3.12: Left. A pair of chromosomes in the nucleus. The 
rectangles enclose two corresponding loci on each member of 
the pair. Right. The DNA strands constituting the portions of 
chromosomes enclosed in rectangles in the picture on the left. The 
character coded by A is dominant; hence B does not express itself. 
Out of the two DNA strands, only one (shown as a continuous line) 
is transcribed into mRNA.

either ionizing radiation or fl uorescent light. If the probe is 
introduced into a solution in which the DNA to be studied 
is suspected to be present, the probe attaches itself to the 
DNA to be studied, and renders it ‘visible’ by virtue of the 
radiation or fl uorescence.

4. Detection of a specifi c DNA becomes easier if its quan-
tity is increased by replication: the process is called DNA 
amplifi cation. Two experimental techniques are used for 
DNA amplifi cation: cloning, and polymerase chain reaction 
(PCR).

 In cloning, the original DNA is digested with the help of a 
restriction enzyme (i.e. an enzyme which cleaves the DNA 
at such a point that we get a fragment which is restricted 
to the sequence of interest). The fragment of interest is 
incorporated into a host cell (usually Escherichia coli). 
Replication of the host cell gives rise to a clone of cells 
bearing the DNA fragment of interest. Thus we get multiple 
copies of the DNA sequence to be studied.

 In PCR, the DNA fragment of interest is made to serve as 
a template for repeated multiplication by the enzyme DNA 
polymerase. The replication is continued for a number of 
cycles, leading to multiple copies of the DNA sequence to 
be studied.

5. Southern, Northern and Western blotting are three tech-
niques used for the detection of a specifi c type of DNA, 
RNA and protein (such as an antibody) respectively. For 
further details, you may consult a Textbook of Cell Biology 
or Biochemistry.
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The cells in our body utilise nutrients and produce waste prod-
ucts continuously at rates which vary from time to time. The 
nutrients are picked up from the immediate surroundings, 
and the waste products dumped into the surroundings, both 
categories of substances being transported across cell mem-
branes. Besides, the cell guards its internal chemical compo-
sition, which is distinctly different from that of its immediate 
sur roundings. Although these processes are unique to living 
cells, they are governed by physicochemical principles. You 
are already familiar with these principles but they have been 
recapitulated here.
 Transport across cell membranes may be governed only by 
physical processes, the membrane acting like any non-living 
semipermeable structure. In such cases the transport is called 
passive. Or, the transport may involve expenditure of biologi-
cally produced energy. In such cases the transport is called 
active.

PASSIVE TRANSPORT
Passive transport across the cell membrane depends on physi-
cal factors such as concentration gradient, electrical gradient 
and pressure gradient. In addition, it depends on the perme-
ability of the membrane. Permeability of the cell membrane 
to a substance depends on its mole cular size, lipid solubility, 
and whether a special protein (called carrier) is available to 
shuttle the substance across the membrane. Small molecules 
or ions are transported faster because they can pass through 
‘pores’ in the cell membrane. Lipid soluble substances are 
transported faster because such substances can ‘dissolve’ in 
the lipid bilayer of the cell membrane and cross it. For some 
specially important substances, the limitations of particle size 
and solubility are circumvented by a carrier protein in the cell 
membrane which shuttles the substance across the membrane.
 The major processes by which passive transport is accom-
plished are simple diffusion, facilitated diffusion and osmosis.

SIMPLE DIFFUSION
All dissolved substances are in a state of random molecular 
motion. The molecules, or ions, as a result of this motion, strike 
the cell membrane. The frequency of collisions depends on the 

concentration of the dissolved substance. If the substance is 
present on both sides of the membrane, the frequency of col-
lisions is higher on the side on which the substance is present 
in a higher concentration (Fig. 1.4.1). Higher the frequency of 
collisions, greater is the probability of particles striking a pore 
through which they can pass to the other side of the membrane. 
Or, in case of lipid soluble substances, higher the concentra-
tion, greater is the probability of the particles striking the mem-
brane and ‘dissolving’ in it and passing to the other side. Hence 
substances diffuse from the side on which they are present in 
a higher concentration to one on which the concentration is 
lower.
 If there is an electrical charge across the membrane, a 
charged particle would have a tendency to diffuse towards the 
oppositely charged side.
 The infl uence of pressure gradient on diffusion is some-
what nonspecifi c. Pressure is the result of sum total of the col-
lisions on a given side of the membrane. Pressure has a non-
specifi c effect of driving substances out. Hence, diffusion is 
increased from the side with the higher pressure to that with a 
lower pressure.
 Besides these factors, molecular size and lipid solubi lity 
also affect simple diffusion as discussed earlier.
 Respiratory gases are transported across the alveolar mem-
brane in the lungs by simple diffusion.

Facilitated Diffusion
Transport by diffusion may be made faster, and the limitation 
of molecular size overcome, if a suitable carrier is available 
in the cell membrane. The carrier helps incorporate even a 
water soluble substance in the membrane, and makes the trans-
port akin to that of a lipid soluble substance. Since the carrier 
merely facilitates diffusion, the process is called facilitated dif-
fusion (Fig. 1.4.2).
 You may ask how we know that the transport of a sub-
stance is carrier-mediated. This is suggested by observations 
listed below:
1. Minor differences in molecular structure may lead to a 

substantial difference in the rate of transport. This observa-
tion implies that optimal transport depends on a precise fi t 
between the molecule to be transported and the receptor site 
on the carrier.

1.4
Physicochemical 

Principles of Biological 
Transport
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transported, the block is competitive, i.e. it can be overcome 
by high concentrations of the subs tance whose transport has 
been blocked. If the blocking agent binds to the carrier but 
does not get transported, it blocks the carrier irreversibly. 
Such a block is called non-competitive.

4. The relationship between the concentration of the substance 
and the rate at which it is transported is linear only upto 
a certain limit. After that further incre ase in concentration 
does not increase the rate of trans port (Fig. 1.4.3). Such a 
relationship is said to follow saturation kinetics. The rea-
son for the relationship is that when all the available car-
rier molecules are in use, further increase in concentration 
of the transported substance cannot increase the rate of 
transport.

 In the small intestine, fructose is absorbed by facilitated 
diffusion.

Osmosis
Osmosis is a special instance of diffusion. Suppose a selec-
tively permeable membrane (often erroneously called a semi-
permeable membrane) separates two compartments. The 
membrane allows water to pass through but not a solute (Fig. 
1.4.4). On side A is water, and on side B is the solute dissolved 
in water. The membrane is permeable only to water, and the 
concen tration of water is higher on side A. Hence water dif-
fuses from A to B, but in this type of situations water is said to 
be transported by osmosis. Now let us see why a special term 
is used in this case.
 In ordinary simple diffusion, transport continues till the 
concentration of the transported substance is equal on both 
sides of the membrane. But in this case you can understand that 
no matter how much water moves from A to B, the concentra-
tion of water will stay higher on side A because side B can only 
have a more and more dilute solution of the solute. However, 
the transport of water by osmosis does not continue indefi nitely 
because osmosis of water increases the hydrostatic pressure 
on side B. Osmosis is said to stop when the excess hydro-
static pressure on side B equals the osmotic pressure exerted 
by the solute. Hydrostatic pressure is a pushing pressure. 

Fig. 1.4.1: Simple diffusion. (1) The concentration of the solute is 
higher on side A than on side B. Hence random molecular motion 
results in transport from A to B at a rate higher than that from B to 
A. Thus the net transport is from A to B. (2) The process initiated in 
(1) has eventually resulted in equalisation of the concentration of 
the solute on side A and side B. Although random molecular motion 
continues, the rate of transport now from A to B is the same as that 
from B to A. Hence there is no net transport.

Fig. 1.4.2: Facilitated diffusion. The substance to be transported is 
picked up by a carrier (often a membrane protein) which delivers the 
substance inside the cell. The same mechanism can also transport 
the substance in the opposite direction if the concentration gradient 
is reversed. ECF, extracellular fl uid; ICF, intracellular fl uid.

2. Substances with a similar molecular structure compete with 
one another for transport.1 This observation also indicates a 
link between molecular confi guration and transport, which 
points to the involvement of a carrier.

3. Transport can be blocked by specifi c agents. This observa-
tion indicates that the blocking agent has a very high affi n-
ity for binding with the carrier. If the blocking agent is also 

1 Competition also occurs between two types of molecules of the same substance, one of which incorporates an isotope. Radioactive isotopes are a valu-
able tool for the study of transport mechanisms.

Fig. 1.4.3: Saturation kinetics, as seen in carrier-mediated transport.
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Hydrostatic pressure on side B tends to push water from side B 
to A. Osmotic pressure is a pulling pressure. Osmotic pressure 
exerted by the solute pulls water from A to B. When the push-
ing and pulling pressures become equal, there is no further net 
movement of water.

Ultrafi ltration
You are familiar with filtration. If we try to pass a solu-
tion through a fi lter, the solvent and other small molecules 
in the solution pass through while large molecules stay on 
the filter. Whether a given substance will pass through a 
fi lter depends on the relative size of its molecules and that of 
the pores in the fi lter. The rate of fi ltration can be increased 
by applying pressure. For example, the hydrostatic pres-
sure in renal glomeruli is higher than that in any other capil-
laries of the body. As a result, water and small molecules 
fi lter through the golmeruli rapidly while proteins and blood 
cells do not. Filtration under pressure is called ultrafi ltration 
(Fig. 1.4.5).

Dialysis
Dialysis is a procedure in which the principles of diffusion are 
applied for the treatment of renal failure. In the patient’s blood, 
nitrogenous waste products accumulate and electrolyte imbal-
ance may occur due to renal failure. A solution is prepared in 
which the waste products are absent, electrolyte concentration 
is appropriately adjusted, and nutrients are provided. The solu-
tion is separated from the patient’s blood by a dialyzing mem-
brane. The process of diffusion tends to normalise the compo-
sition of patient’s blood.

ACTIVE TRANSPORT

Active transport utilizes biologically produced energy. This 
makes it possible to transport a substance at a rate faster than 
can be accounted for by the electrochemical gradient2, or even 
against the gradient. As in case of passive transport, active 
transport may also be carrier-mediated (Fig. 1.4.6).
 Active transport is required for maintaining the difference 
in electrolyte composition between the intracellular and extra-
cellular fl uids. Inside the cell the sodium ion concentration is 
much lower than outside; opposite is the situation in case of 
potassium ions. Active transport is of special signifi cance for 
transport of several nutrients in the gastrointestinal tract. The 
absorption of nutrients should obviously continue till the lumi-
nal concentration has dropped to negligibly low levels even 
when sizeable concentrations have built up in the enterocytes. 
This is possible only through active transport.
 Since active transport needs metabolic energy, often a spe-
cifi c ATPase is present in the membrane of actively transport-
ing cells. Active transport may be inhibited by inhibitors of the 
ATPase, e.g. digitalis, which specifi cally inhibits the Na+-K+ 
ATPase in cardiac muscle, and omeprazole, which specifi cally 
inhibits the H+-K+ ATPase in gastric parietal cells.
 Active transport may also be non-specifi cally inhibited by 
dinitrophenol (DNP) which uncouples oxidation and phospho-
rylation in biological oxidation, by cyanide which poisons the 
electron transport chain, and by fl uoride or iodoacetate which 
inhibit anaerobic glycolysis. Active transport in erythrocytes 
may be inhibited by fl uoride or iodoacetate because these cells 
derive energy only from anaerobic glycolysis.

Fig. 1.4.4: Osmosis. (1) Solvent diffuses from compartment A to 
B because its concentration is higher on side A than on B. The 
solute does not diffuse along its concentration gradient because the 
membrane dividing A and B is semipermeable. (2) The net fl ow of the 
solvent stops when the excess hydrostatic pressure on side B just 
counterbalances the osmotic pull exerted by the solute.
a and b, hydrostatic pressure in compartment A; c and d, hydrostatic 
pressure in compartment B; OP, osmotic pressure.

Fig. 1.4.5: Ultrafiltration. (1) The solvent diffuses from A to B 
because of the hydrostatic pressure gradient. (2) The net fl ow of 
the solvent stops when the osmotic pull exerted by the solute just 
counterbalances the excess hydrostatic pressure on side A.
a and b, hydrostatic pressure in compartment A; c and d, hydrostatic 
pressure in compartment B. The difference between b and d, is equal 
to the osmotic pressure of the solute (OP).

2 The term electrochemical gradient combines electrical and concen tration gradients.
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Secondary Active Transport

Secondary active transport is an ingenious device used 
by cells to utilise the active transport of one substance to 
drive the uphill transport of one or more other subtances as 
well. A few varieties of secondary active transport are as 
follows:

Coupled Transport
The transport of two substances may be coupled to each other 
because they bind to the same carrier in the cell membrane.

Co-transport
If the two substances whose transport is coupled move in the 
same direction, the phenomenon is called co-transport or sym-
port. For example, in the small intestine, absorption of sodium 
ions is coupled with that of glucose because they bind to the 
same carrier in the enterocyte membrane.

Counter-transport
If the two substances whose transport is coupled move in oppo-
site directions, the phenomenon is called counter-transport or 
antiport. For example, in proximal convo luted tubules of the 
kidneys, sodium is actively reabsor bed. Simultaneously, for 
each sodium ion reabsorbed, one hydrogen ion is transported 
by the same carrier into the lumen of the tubule.

Solute-solvent Interaction
Some examples of transport by solute-solvent interaction are 
secondary to the active transport of some substance.

Osmosis
Entry of a solute into a cell by active transport increases the 
osmotic pressure within the cell. Hence water also enters the 
cell by osmosis. Reabsorption of water from the gut takes place 
by this mechanism.

Fig. 1.4.6: Active transport uses energy. In the model illustrated in 
the fi gure, energy is utilised for changing the conformation of the 
carrier molecule to a high affi nity variety, and also for releasing the 
transported molecule inside the cell. ECF, extracellular fl uid; ICF, 
intracellular fl uid; 1-4, sequence of events.

Fractions and Multiples

The implications of several unfamiliar units can be grasped if 
one is familiar with the meaning of following prefi xes:
Mega (M) = 106

Kilo (k) = 103

Hecto (h) = 102

Deca (da) = 101

Deci (d) = 10–1

Centi (c) = 10–2

Milli (m) = 10–3

Micro (mc) = 10–6

Nano (n) = 10–8

Pico (p) = 10–12

Femto (f) = 10–15

Atto (a) = 10–18

Solvent Drag
This is a process which may be further secondary to the osmotic 
movement of water. Along with water some substances dis-
solved in water may move in the same direction by bulk fl ow. 
This is known as solvent drag.

GIBBS-DONNAN EQUILIBRIUM
Let us consider a situation in which a semipermeable mem-
brane separates two electrolyte solutions, only one of which 
contains an ion to which the membrane is not permeable. To 
start with, let us imagine that the concen trations are as shown 
in Figure 1.4.7(I). The situation can not last very long, however. 
The concentration gradient would lead to a diffusion of Cl– 
from compart ment B to A. However, that will create an electri-
cal gradient which would lead to a diffusion of Na+ also from B 
to A. In effect, each Cl– would be accompanied by Na+, leading 
to a situation as shown in Fig. 1.4.7(III). This is also an unsta-
ble situation because the concentration of Na+ is higher in A 
than in B. Hence Na+ will diffuse from A to B, and to maintain 
electrical neutrality, Cl– will accompany it. However, this does 
not go on indefi nitely. Diffusion of Na+ from A to B creates 
positivity on side B so that an equilibrium is reached when the 
concentration gradient from A to B exactly balances the elec-
trical gradient for Na+ from B to A. In the same way, for Cl–, 
the concen tration gradient from B to A exactly balances the 
electrical gradient from A to B. As a result, the membrane will 
develop a potential difference between its two surfaces, side 
B being positive as compared to A. The positivity on side B 
will prevent further diffusion of Na+ and the negativity on side 
A will prevent further diffusion of Cl– (Fig. 1.4.7). Thus the 
end result will be a higher concen tration of Na+ in A, a higher 
concentration of Cl– in B, and a membrane potential across the 
semipermeable membrane.
 In the body, a situation like this develops across the capil-
laries. The capillary endothelium is premeable to electrolytes 
but not to proteins, and the capillaries contain plasma proteins 
which are negatively charged at physio logical pH. As a result, 
the sodium concentration is higher in the plasma than in the 
interstitial fl uid, the chloride and bicarbonate concentrations 
are the other way round, and there is a membrane potential 
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Concentrations Concentrated

Traditionally the concentrations were expressed in mg/100 
mL. This usage is still not completely obsolete. But the 
molecular weights of different compounds are different. 
Therefore, although the concentration of substances A and 
B in blood may be M mg/100 mL each, the number of mol-
ecules of each in 100 mL blood will be different. Since sub-
stances interact in terms of molecules, expressing the con-
centration in terms of mass/volume is no longer considered 
the best mode of expression.
 The currently popular modes of expressing concentra-
tion are moles/L, equivalents/L and osmoles/L. Usually the 
concentrations of biological substances are so small that the 
suitable units usually are millimoles/L, millequivalents/L and 
milliosmoles/L, abbreviated as mMol/L, mEq/L and mOsm/L. 
Often mMol/L is written simply as mM.
 One mole of a substance is equal to its molecular weight 
in grams. Thus one mole of carbon is 12 g of carbon, one 
mole of oxygen is 32 g of oxygen, and one mole of sodium 
chloride is 58.5 g of sodium chloride.
 Equivalent weight of a substance is in relation to its par-
ticipation in chemical reactions. For example, one molecule 
of HCl will completely neutralise one molecule of NaOH. 
But only half a molecule of H2SO4 is enough to neutralise 
one molecule of NaOH. Therefore the equivalent weight of 
HCl will be equal to its molecular weight but the equivalent 
weight of H2SO4 will be half its molecular weight. In case 
of elements, equivalent weight will be equal to molecular 
weight/valency for similar reasons. In case of acids and alka-
lies, when the concentration is 1 gram equivalent weight/L, it 
is sometimes called a “Normal” or 1 N solution.
 Osmolarity of a substance is in relation to the osmotically 
active entities that its molecule provides. One molecule of 
NaCl provides two osmotically active entities, Na+ and Cl–. 
Thus 180 g/L of glucose (an unionised compound) is equal to 
1 mole/L and also 1 osmole/L. But 58.5 g/L of NaCl is equal 
to 1 mole/L but 2 osmoles/L.
 If instead of the volume of the solvent, concentration is 
expressed in terms of mass of the solvent, the concentra-
tion is called the molal or osmolal concentration. Thus the 
molality of a solution is its concentration in moles/kg and 
the osmolality is the concentration in osmoles/kg. Since the 
volume is affected by temperature but the mass is not, mola-
lity and osmolality are independent of temperature.

(about 1 mV) across the capillary, the positivity being towards 
the interstitial fl uid (Table 1.4.1).
 The concentrations at which equilibrium is achieved in 
situations like this are predictable and follow a mathematical 
relationship known as the Gibbs-Donnan equation.
 According to this equation,

[Na+]A × [Cl–]A = [Na+]B × [Cl–]B

 Or 
[Na+]A

[Na+]B
 = 

[Cl–]B

[Cl–]A
 = r

Fig. 1.4.7: Gibbs-Donnan equilibrium. I, a hypothetical situation. 
The semipermeable membrane dividing A and B is impermeable to 
P. II-V, conceptual stages which eventually lead to an equilibrium. 
VI, the equilibrium situation. C, concentration gradient; E, electrical 
gradient. Details in text.

Table 1.4.1: Partial composition of plasma and 
interstitial fl uid

 Concentration (mOsm/L)

 Plasma Interstitial fl uid

Sodium 143.0 140.0
Bicarbonate 24.0 28.3
Proteins 1.2 0.2

where r is known as the Gibbs-Donnan ratio. In the situation 
illustrated in Fig. 1.4.7, equilibrium would be established at 
concentrations indicated in Fig. 1.4.7 (VI). Thus the Gibbs-
Donnan ratio in this hypothetical example is:

[Na+]A

[Na+]B
 = 

40
20

 = 2.0

 Or 
[Cl–]B

[Cl–]A
 = 

20
10

 = 2.0

 The Gibbs-Donnan ratio across the capillaries calculated 
on the basis of plasma protein concentration is only about 
1.04.3 The electrolyte composition of inter stitial fl uid is quite 
close to that calculated theoretically on the basis of the Gibbs-
Donnan ratio (Table 1.4.2). This confi rms that exchange across 

3 You might have realised that the basic reason for the unequal distribution of ions and the electrical potential across the membrane is the inability of P to 
cross the membrane. In the blood the protein concentration is not very high. But the molecular weight of proteins is very high. Therefore the number of 
negatively charged protein ions is relatively much less than in Figure 1.4.7. That is why the Gibbs-Donnan ratio is 2.0 in the simple example given here 
but only 1.04 in the body.
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the capillary is by the passive physical process of fi ltration. But 
the composition of cerebrospinal fl uid is quite different from 
that expected in a fi ltrate of the plasma. This suggests that 
some active secretory process, in addition to fi ltration, may be 
involved in the formation of CSF.
 This chapter by no means exhausts the physico chemical 
principles of biological transport. It is merely a recapitulation 
of a few basic mechanisms which you have done in greater 
detail in earlier classes. The selection is somewhat arbitrary, 
based partly on how widespread the mechanisms are in the 
body, and partly on what is usually found diffi cult to under-
stand. Some more mecha nisms have also been discussed later 
in the book in relevant chapters.

QUESTIONS AND PROBLEMS
1. What is the importance of osmolarity in homeostasis?
2. What concentration of sodium chloride is isosmotic with:
 a. amphibian extracellular fl uids?
 b. mammalian extracellular fl uids?
3. What concentration of glucose is isosmotic with human 

plasma?
4. What is the relationship between osmolarity and osmotic 

pressure?

ANSWERS AND SOLUTIONS
1. Osmolarity is important for regulation of cell volume. If 

a cell is surrounded by a solution the osmolarity of which 
is lower than that of the intracellular fluid (hypotonic 

solution), water enters the cell, swelling it up and sometimes 
rupturing it. On the other hand, if the cell is surrounded 
by a hypertonic solution, water leaves the cell making it 
shrunken. Therefore the cell should always be surrounded 
by an interstitial fl uid the osmolarity of which is the same as 
that of the intracellular fl uid (isotonic solution). The home-
ostatic mechanisms for regulation of body fl uid volume and 
osmolarity are coupled. But osmolarity is so important for 
the body that if the body has to choose between regulation 
of volume and osmolarity, it chooses to regulate osmolarity 
even if it means deviation of the volume from normal.

2. (a)  0.6%
 (b) 0.9%
3. Isotonic sodium chloride solution = 0.9%
  = 9.0 g/L

  = 
9.0
58.5  moles/L

  = 0.15 moles/L
  = 0.30 osmoles/L
 Isotonic glucose solution is also = 0.30 osmoles/L
  = 0.30 moles/L
  = 0.30 × 180 g/L
  = 54 g/L
  = 5.4 g/100 mL
 For simplicity, a 5% solution of glucose is administered, 

considering it as isosmotic.
 Note that in case of sodium chloride, 0.15 moles/L = 0.30 

osmoles/L because each molecule provides two osmotically 
active ions. But since glucose is not ionised, each molecule 
provides only one osmotically active entity. Hence 0.30 
osmoles/L = 0.30 moles/L.

4. At 37°C, 1 milliosmole/L exerts an osmotic pressure of 
19.3 mm Hg. The osmolarity of body fl uids is about 300 
milliosmoles/L. Hence their osmotic pressure = 300 × 19.3 
= 5790 mm Hg. However, the actual osmotic pressure is 
about 6% less, i.e. about 5500 mmHg. The reason for the 
discrepancy is that many oppositely charged ions, e.g. 
sodium and chloride ions, attract each other. Therefore a 
sodium chloride molecule actually exerts slightly less than 
double the osmotic pressure exerted by one molecule of an 
unionised molecule.

Table 1.4.2: Predicted and observed composition 
of interstitial fl uid

 Concentration (mEq/L)

 Interstitial fl uid

 Plasma Predicted1 Observed

Sodium 143 143 × 0.96 = 137 140
Potassium 4.2 4.2 × 0.96 = 4 4.0
Chloride 108 108 × 1.04 = 112 108
Bicarbonate 24 24 × 1.04 = 25 28.3

1Predicted on the basis of Dibbs-Donnan ratio of 0.96 for univalent 
cations and 1.04 for univalent anions

1.4.indd   341.4.indd   34 8/23/2010   11:51:37 AM8/23/2010   11:51:37 AM

tahir99-VRG & vip.persianss.ir



1.5
Physiology of Growth

and Development

“A child is not a small adult” is what Prof. O.P. Ghai, former 
Professor of Paediatrics at the All India Institute of Medical 
Sciences, told his students to remind them that the differ-
ence between a child and an adult is more than that of size. 
The way a child’s body functions is suffi ciently different from 
that of an adult to result in a signifi cantly different response 
to environmental stresses, diseases, and drugs. The difference 
is maximum in the newborn, specially if it is premature. The 
gap between the child and adult closes gradually in small and 
uneven steps as the newborn grows. Some of these processes 
have been referred to later in the book in appropriate sections, 
but the general features of growth and development will be dis-
cussed here.
 Growth refers to increase in size as a child grows to adult-
hood, while development refers to maturation of function. 
Growth and development are generally associated with each 
other, but there are exceptions. Hypertrophy is an example of 
growth without develop ment. Hypertrophy may take place to 
compensate for a loss. For example, if one kidney is lost due 
to disease, the other kidney hypertrophies to compensate for 
the loss. Or, hypertrophy may take place due to overuse, as in 
muscles. An example of development without growth is myeli-
nation of nerve fi bres which, by itself, does not increase the 
size of the brain or spinal cord.
 Growth of different parts of the body does not follow 
a uniform pattern (Fig. 1.5.1). The general growth curve 
shows two growth spurts: one in infancy and another around 
puberty. Growth of lymphoid organs is so rapid in childhood 
that at 8-10 years of age, the size of tonsils and adenoids is 
larger than in the adult. This is important to recognize because 
mere enlargement of tonsils is not an indication for remov-
ing them surgically. If the tonsils are infected, they are fur-
ther enlarged, but even that is not an indication for surgical 
removal. Enlargement of lymphoid organs such as tonsils in 
an infection is merely an indication that they are doing their 
job of controlling the spread of infection well. Once the infec-
tion has been controlled, as is generally possible with anti-
biotics, the size of the tonsils returns to normal. However, if 
neglect of repeated throat infections reduces tonsils to bags of 
pus, so that they are merely a focus of infection without serv-
ing any useful function, they are better removed surgically. But 

Fig. 1.5.1: Pattern of growth of different parts of the body. The weight 
at birth has been taken as 0% and adult weight has been taken as 
100%. Differences in growth pattern of boys and girls have been 
ignored for simplifi cation.

Table 1.5.1: Brain growth vs general growth in 
early life

  Age

 Birth 1 year 2 years

Brain size (% of adult) 25 50 80
Body weight (% of adult) 5 15 20

this eventuality should seldom arise, specially with so many 
powerful antibiotics available. Neural growth is extremely 
rapid after birth so that 80 per cent of the adult brain size is 
achieved by the age of 2 years (Table 1.5.1). This seems to be a 
very useful evolu tionary adaptation because the need for brain 
function does not depend much on body size. Hence even a 
small body benefi ts from a large brain. Gonadal growth fol-
lows a pattern which is essentially opposite that of neural 
growth. After a decade of dormancy, gonadal growth occurs 
at a remarkable rate around puberty. The utility of this pattern 
is again unmistakable. Gonads are required for preservation of 
species. This is a function which can wait till the organism has 
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achieved adequate develop ment of functions concerned with 
preservation of self.
 There are two fundamental ways in which a newborn dif-
fers from an adult. First, the functions are quantita tively poorly 
developed. For example, the ability to digest fat or to concen-
trate urine is not as good as in the adult. Secondly, the home-
ostatic mechanisms are not as sensitive or effi cient as in the 
adult. For example, the ability to regulate body temperature is 
not as good as in the adult.
 With this general background, now we shall discuss some 
specific details of physiology of the newborn, and how it 
changes during progress towards adulthood.

METABOLISM
The resting metabolic rate of a newborn is twice that of an 
adult on a unit body weight basis. During the fi rst 2-3 days of 
life, the mother secretes colostrum, which has a low caloric 
content. Therefore the infant draws on its reserves of fat and 
protein for obtaining energy. After that, carbohydrate is the 
predominant and preferred fuel of the body as in the adult. But 
gluconeogenesis is poor due to immaturity of liver function, 
and glucose is utilized not only for energy but also converted 
into fat. Hence the blood glucose level of an infant is on the 
lower side, and shows much larger fl uctuations during the 
course of the day than in the adult. Another important meta-
bolic feature of the infant is the high rate of protein synthesis. 
About 90% of the ingested amino acids are utilised for protein 
synthesis, which is possible because of the high quality of milk 
protein.

TEMPERATURE REGULATION
The surface area of the infant is larger than that of an adult on 
a unit body weight basis. Hence the infant gains heat from or 
loses heat to the surroundings very readily, leading to a drift in 
body temperature towards the ambient temperature. The tem-
perature regulatory mechanisms of the infant are also not as 
well-developed as those of the adult. Hence an infant needs 
special protection from environmental cold or heat stress.

IMMUNE MECHANISMS

A newborn starts life with antibodies inherited from the mother 
via the placenta, and the process continues through transfer of 
maternal antibodies via milk. The transfer via milk cannot keep 
pace with the breakdown of antibodies. Hence by 1 month 
of age the antibody titre is down to about 50% of the normal 
level. Normal antibody levels are achieved only by the age of 
two years. During the transitional period when the infant does 
not have adequate maternal support and is also not yet self-suf-
fi cient, infections and allergies are more common. That is why 
very young children are prone to frequent diarrhoea and upper 
respiratory infections. The reason why allergies are also more 
common during the period of immunological weakness is that 
the development of tolerance to self is also a part of maturation 
of immune mechanisms. Till this aspect of immunity is well-
developed the infant is more prone to allergic responses to self-
antigens, also called autoimmunity. Another reason for allergic 
reactions in infancy is that the gastrointestinal tract of an infant 
absorbs many protein molecules intact. Some of these protein 
molecules may lead to hyper sensitivity or allergic reactions.

SYSTEMIC PHYSIOLOGY
The changes in blood counts and type of haemoglobin in early 
life have been discussed in Chapter 2.3. The cardiovascular 
changes which are associated with stoppage of blood fl ow 
through the placenta and enhancement of blood fl ow through 
the lungs have been discussed in Chapter 3.16. The mystery of 
the fi rst breath during the transition from the sheltered intrau-
terine life to the harsh extrauterine life has been discussed in 
Chapter 4.5. The immaturity of hepatic, renal and neural func-
tions in the infant and their signifi cance have also been dis-
cussed in appropriate sections. This chapter is only meant to 
make the student aware of the fact that although most of the 
typical textbook of physiology is devoted to physiology of the 
adult male, that is purely because that is the section of human-
ity we know the most about. Much of adult male physiology 
also applies to adult females, but growing children differ sig-
nifi cantly enough from adults to merit special consideration.
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1.6
Physiology of Aging

Young readers of this book are inclined to feel that this chapter 
is of no interest to them personally because they will never grow 
old. But I wish they live long, and I am sure so do they, and if 
our wishes are granted, they will grow old as well. Our fear 
of old age is mainly due to the illness and disability generally 
associated with it. How ever, with appropriate diet and exercise 
starting in youth, and good luck, much of old age misery can 
be avoided. Physiologically, aging refers to the impaired ability 
to maintain homeostasis in the face of external or internal chal-
lenges or stresses. As a result of this impair ment, the individual 
becomes more vulnerable to these challenges and stresses and 
fi nally succumbs to one of them, thereby bringing the cycle 
of life to an end. In human beings, the peak performance is 
achieved around 25 years of age. A measurable decline in vari-
ous functions can be observed at about 30, but the decline is so 
little that it does not cause perceptible disability. The decline 
conti nues slowly but relentlessly, and eventually becomes con-
siderable and functionally signifi cant. However, the rate of 
deteriora tion of function is not the same in all parts of the body. 
That is why a sportsman rarely achieves his peak performance 
after thirty but a writer might create his masterpiece at sixty.

AGE-RELATED CHANGES
Age-related changes may be observed at cellular as well as at 
gross level. Cultured cells obtained from foetal tissues go on 
multiplying much longer than those obtained from adult tis-
sues. Further, cells from senescent cultures show a decline in 
DNA repair activity. The connective tissues throughout the 
body show an increase in the stiffness of collagen fi bres, and 
also an increase in the rate of hydrolysis of elastin.
 The systemic age-related changes are broadly in the nature 
of reduced maximum capacity, reduced tolerance, impaired 
peak performance or diminished reserve. The changes have 
been briefl y discussed system-wise below.

Blood
The red cells, white cells and platelets of elderly indivi duals 
are not signifi cantly different from those of young persons. 
Haemopoietic marrow is gradually replaced by fatty marrow as 
age advances. This change occurs fi rst in long bones and then 
in fl at bones. The last bones to be affected are the vertebrae, 

which show fatty change only after the age of 60. Hence, the 
physiological reserve capacity for erythropoiesis and leucopoi-
esis is possibly reduced in the elderly.

Immune Mechanisms
There is a defi nite decline in immunocompetence asso ciated 
with aging. The decline affects both cell mediated immunity 
and humoral immunity. Involution of the thymus is a well 
known age-related change. While both cell mediated and anti-
body responses are dimi nished, there is a paradoxical increase 
in T-cell auto reactivity and autoantibody titre. The increase in 
autoantibodies is likely to be due to diminished tolerance to 
antigens normally recognized as self.
 Decline in immune function makes the elderly more sus-
ceptible to infections, and increase in autoreactivity makes 
them more susceptible to autoimmune diseases. Now it is 
believed that immunological surveillance also eliminates neo-
plastic cells which may develop in the body from time to time. 
Thus weakening of the immune system may be responsible 
also for the higher incidence of malignancies in old age.
 While some age-related weakening of the immune system 
is inevitable, its severity can be reduced by good nutrition, 
regular physical exercise, and mental tranqui lity. There is a 
steep decline in cell-mediated immunity following the stress of 
bereavement. This may explain the common observation that 
the elderly often die soon after the death of the spouse.

Respiratory System
The microscopic structure of lungs shows that there is a struc-
tural basis for decline in respiratory function in old age.
 The alveoli become flatter and shallower while alveo-
lar ducts enlarge. The alveolar wall gets thinner and contains 
fewer capillaries. The alveolar surface area decreases by about 
4% for every decade after the age of 30. Pulmonary blood ves-
sels also show age-related increase in wall thickness.
 Functionally, there is a decline in total as well as timed 
vital capacity, and an increase in residual volume in old age. 
Although reduced lung elasticity increases pul monary com-
pliance within the range of volumes associated with sponta-
neous breathing, the compliance of total respiratory system is 
reduced by the age of 60 years due to rigidity of the chest wall. 
The loss of elastic recoil makes the airways more susceptible 
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to collapse, specially during expiration. The collapse is more 
likely during exercise because of the high expiratory fl ow rates. 
In keeping with the reduced number of capillaries in alveoli, 
there is a reduction in pulmonary diffusing capacity. The respi-
ratory response to hypoxia and hyper capnia is also sluggish in 
the elderly. Thus respiratory functions of elderly show an over-
all impairment of ventilation, diffusion as well as regulation.

Cardiovascular System
Atherosclerosis is extremely common in the elderly but is no 
longer considered an inevitable concomitant of the aging proc-
ess. But the high prevalence of atherosclerosis and its seque-
lae such as ischaemic heart disease and hypertension makes it 
diffi cult to separate age-related changes in the cardiovascular 
system from the effects of disease. However, studies on eld-
erly individuals free of atherosclerotic disease have revealed 
that there are also purely age-related structural and functional 
changes in the cardiovascular system.
 The elasticity of the aorta and other large arteries decreases 
with increasing age. Besides atrophy, there is also a progres-
sive change in the functional characteristics of elastic tissue. As 
a result, the systolic pressure and pulse pressure are increased. 
but, there is little change in diastolic pressure. It has been sug-
gested, however, that the age-related increase in blood pressure 
may be avoided by living in a stress-free ennvironment, and by 
taking a salt-free diet throughout life. Since these conditions 
are almost impossible to achieve in human populations, these 
hypotheses cannot be tested.
 The myocardium of the elderly shows atrophy accom-
panied by deposition of a brown pigment, lipofuscin. It also 
shows fibrotic lesions and sometimes amyloid deposits. 
Functionally, there is a prolongation of the myo cardial contrac-
tion and relaxation time, and a decrease in ventricular compli-
ance. There are also structural changes in the valves, gener-
ally making the aortic valve somewhat stenotic, and the mitral 
valve slightly incompetent. The number of pacemaker cells 
in the sinoatrial node is reduced, which is possibly related to 
the reduced heart rate response to both sympathetic and para-
sympathetic stimuli. The maximum heart rate during exercise 
also declines in the elderly. But they are able to achieve reason-
able increase in cardiac output during exercise, for which they 
depend relatively more on an increase in stroke volume than 
the young.

The Alimentary Canal
With advancing age, the teeth show normal wear (attrition) due 
to loss of fi rst enamel and then even den tine and cement. In 
addition, several teeth are invariably lost as a result of caries or 
periodontal disease. The result is a diminution in masticatory 
effi ciency.
 Frequent weakness of pharyngeal musculature and abnor-
mal relaxation of cricopharyngeal muscle may give rise to dif-
fi culty in swallowing (dysphagia) in the elderly. This may be 
compounded by disordered esophageal motility, specially at 
the lower esophageal sphincter.
 In the stomach, there is an age-related mucosal atrophy 
which may be responsible for a reduction in gastric secretion. 
About one quarter of individuals above 60 show achlorhydria. 

There is also a reduction in pancreatic lipase secretion in the 
elderly associated with degene rative changes in the pancreas.
 In the small intestine, there is an age-related reduction in 
villous height leading to reduced absorptive surface area. There 
is also a reduction in lactase activity in the brush border. Hence 
the absorptive capacity for several nutrients is impaired in the 
elderly.
 In spite of the general impression that constipation is 
more common in the elderly, there is no consistent age-related 
change in colonic motility.
 The liver shows a decrease in number but increase in size 
of hepatocytes, and an increase in fi brous tissue. Synthetic 
functions of liver, such as protein synthesis, and microsomal 
mixed-function oxidase activity required for hepatic metabo-
lism of drugs and steroids, are reduced in old age. But liver 
function tests are all within the normal range, probably because 
of enormous physio logical reserve.

Excretory System
There is a progressive age-associated reduction in the weight 
of kidneys. Microscopically, there is a reduction in the number 
and size of nephrons, an increase in interstitial connective 
tissue, and well-defi ned vascular changes quite independent 
of hypertension or renal disease. There is a 10% reduction in 
renal plasma fl ow per decade after the age of 30. The structural 
and blood fl ow changes explain the progressive age-related 
decrease in glomerular fi ltration rate. Both the secretory and 
reabsorptive functions of renal tubules also decrease in old age. 
It has been hypothesized that age-related renal changes are due 
to high protein content of most human diets (Fig. 1.6.1).

Endocrines
Aging of the endocrines has often been considered the under-
lying mechanism of aging. Age-related endocrine changes 
may manifest in many ways. There may be a decrease in the 
blood concentration of the hormone itself or the binding pro-
tein involved in transport of the hor mone, decreased respon-
siveness of target cells, alteration in number or sensitivity of 

Fig. 1.6.1: The high protein diet hypothesis for age-related renal 
changes.
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hormone receptors, or diminished response to physiological 
stimuli for secretion of the hormone. The response of the hypo-
thalamo-hypophyseal axis to stress is diminished with age. 
The functional activity of the thyroid gland also decreases in 
old age. It has been estimated that the production rate of thy-
roid hormone decreases by 50% between the ages of 20 and 
80. This is generally manifested as a reduction in blood levels 
of tri-iodothyronine without any change in the levels of tetra-
iodothyronine, reverse tri-iodothy ronine or thyrotropin. There 
is an age-related decrease in glucose tolerance beginning in the 
third or fourth decade of life. This seems to be due to dimin-
ished sensitivity of tissues to insulin.
 The effect of age on reproductive hormones is most consist-
ent, obvious and well known. In females, there is a decrease in 
serum estrogen and progesterone levels after menopause, and 
as a result of negative feedback effect, an increase in FSH and 
LH levels. In males, there is a decrease in testosterone output, 
and a consequent increase in gonadotropin levels. The raised 
gonadotropin levels induce an increase in testicular Leydig cell 
volume. But because of age-related changes, even the higher 
Leydig cell volume is not able to achieve the normal testoster-
one output.

Nervous System
Nervous system also shows age-related structural changes and 
deterioration of function. The most obvious change is varying 
degrees of atrophy of the brain and neuronal loss. Other age-
related changes include accumu lation of lipofuscin in cells and 
loss of synapses and dendrites. The function of various neuro-
transmitter sys tems is impaired. Specifi cally, cholinergic defi cit 
has been demonstrated in Alzheimer’s disease and dopa miner-
gic defi cit in Parkinson’s disease. But milder forms of choli-
nergic defi cit may be responsible for the more common forms 
of senile dementia, and some degree of dopaminer gic defi cit 
may be responsible for the hypo kinesia of old age. There is 
also an age-related impairment of autonomic nervous function 
associated with increased sensitivity to humoral factors. This 
often manifests as impaired temperature regulation and pos-
tural hypotension.

Special Senses
Presbyopia, or impairment of accommodation of the eye, is 
such a constant feature after the age of 40 that one can almost 
judge the age of a person from the degree of presbyopia. The 
intraocular pressure also rises with age. Senile cataract has 
been referred to as ‘an hereditary exaggeration of physiologi-
cal aging’ which may be infl uenced by environmental factors 
(whatever that means!).
 The ear also shows diminished sensitivity after the age 
of 30. The phenomenon is called presbyacusis. The impaired 
sensitivity often leads to diffi culty in under standing speech 
and disturbance of localization of sounds. Various age-related 
changes in external, middle and inner ear may contribute to 
presbyacusis. Some of these changes include thickening and 
loss of elasticity of tympanic membrane, reduced mobility of 
middle ear-ossicles, loss of hair cells and supportive cells in the 
organ of Corti, loss of neurons in the cochlea and along audi-
tory pathways, atrophy of stria vascularis, and loss of elasticity 
of the basilar membrane.

 The sensations of taste and smell also decline with age but 
they have not been studied adequately perhaps because the 
functional consequences are not very serious.

THEORIES OF AGING
Since nobody knows exactly why we age, there is no dearth of 
theories on the subject. Most of the theories fall in one out of 
two broad groups: those which consider aging to be the cumu-
lative result of random cell damage which goes on throughout 
life, and those which consider aging to be the inevitable result 
of our genetic pro gramme. The two groups of theories are not 
mutually exclu sive. Possibly aging is primarily a genetically 
deter mined process, the rate of which can be modulated by 
environmental factors with a potential for damaging or pro-
tecting cells. Although the process of aging may be primarily 
genetic, scientists are more interested in the fac tors which 
can damage or protect cells because under standing these fac-
tors may give us the means of at least retarding the process. 
Now we shall examine briefl y the better known theories of 
aging.

The Error Catastrophe Theory
According to this theory, as the cells age there is a random 
increase in errors in protein synthesis due to insertion of 
wrong amino acids. The resulting ‘wrong’ proteins may be 
ineffi cient or non-functional. The summated effect of these 
molecular mistakes may be senescence, and has been termed 
error catastrophe. Although the theory is attractive, there is 
no evidence of actual accumulation of mis-specified pro-
teins in senescent cells. Further, induc ing the synthesis of 
erroneous proteins experi mentally does not accelerate the 
aging of cells.

The Somatic Mutation Theory
This theory postulates random mutations in cells which make 
them ineffi cient. There is a progressive increase in ineffi cient 
cells with age. An increase in the number of ineffi cient cells in 
an organ impairs its function. The somatic mutation theory is 
supported by an age-asso ciated increase in chromosomal aber-
ration. Animals exposed to radiation, which induces mutations, 
age more rapidly. The rate of increase in chromosomal aberra-
tions in bone marrow cells of mice is higher in those strains of 
mice which age faster. The deleterious effects of somatic muta-
tions are possibly minimised by the fact that only a very small 
fraction of the genome of a cell is expressed. A mutation will 
affect the function of a cell only if it involves the expressed 
part of the genome.

Free Radical Theory
The body faces an unusual dilemma; on one hand, oxygen is 
essential for life; on the other hand, oxidative reactions lead 
to the formation of some molecular species with unpaired 
electrons which makes them highly reactive. These reactive 
ions, known as free radicals, include super oxide and hydroxyl 
radicals. To quench the free radicals the body also has anti-
oxidant mechanisms in the form of glutathione, vitamin E, 
vitamin A and vitamin C. But these antioxidant mechanisms 
can sometimes get over whelmed, leading to damage by free 
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radicals. Free radicals can possibly damage vital macromol-
ecules such as DNA and proteins, and cause peroxidation of 
lipids in the membranes around cells and organelles. Although 
the free radical theory is attractive, and currently popular as 
well, neither has lipid peroxidation been demonstrated at cel-
lular level, nor has the benefi cial effect of anti oxidants been 
proven.

Genetic Theory
In addition to any other causes of aging, the genetic basis of 
aging is undisputed. The rate of aging varies markedly between 
species, but not much within a species. For example, every 
dog grows old in about ten years while a human being takes 
about sixty years to reach the same level of senescence. The 
difference apparently lies in the genetic programme of the two 
species. Further, even under the best of circumstances, aging 
cannot be prevented altogether. Hence it may be concluded that 
gradual impairment of function is genetically program med. 
There are some rare human beings who age much faster than 
normal. They may have grey hair and wrinkles by the age of 
ten. The condition is called progeria, and a defect in the genetic 
programme of aging may be responsible for it.

MODULATING THE PROCESS OF AGING
In spite of decades of research, aging has proved to be an 
almost inevitable process. The only measures which have 
shown some degree of promise in terms of slowing down the 
process of aging are simple ones: nutrition and exercise.

Nutrition
The most conclusive experiments in this area are those which 
have demonstrated that caloric restriction retards aging and 
prolongs the lifespan of experimental animals. The underlying 

mechanisms possibly are a decrease in oxygen consumption 
leading to decreased production of free radicals and decreased 
lipid peroxidation. Excess of various vitamins, minerals and 
non-nutrient chemicals has been tried in a bid to retard aging. 
The success of such experiments is dubious. However, the 
quest for everlasting youth goes on, and some of the fashion-
able agents in vogue today are vitamin E and coenzyme Q.

Exercise
Regular exercise improves work capacity as assessed from 
maximum oxygen uptake. Physical exercise also improves car-
diac performance and reduces musculo skeletal disability. It has 
been shown that age-related decline in resting metabolic rate is 
markedly reduced in physically active individuals. In experi-
mental mice, age-related reduction in antioxidant enzymes can 
be prevented with regular exercise. Thus with regular exercise, 
physical strength can be preserved longer.
 The question of aging has exercised philosophers and sci-
entists alike. The only organisms which do not age and never 
die in the usual sense are the unicellular organisms which 
simply divide into two identical cells so that the parent is indis-
tinguishable from the progeny. In multi cellular organisms, 
sexual reproduction is an ingenious substitute for immortality. 
During meiosis the chromo somes perform a ritual dance during 
which a cut and paste operation, technically called recombina-
tion, takes place. The purpose of recombination is to replace 
dam aged DNA fragments by corresponding perfect frag ments. 
As a result, sperm and ova have a perfect comple ment of DNA. 
Hence the zygote has a perfect genome, and the newborn 
shows no signs of aging. Thus sexual reproduction is a system 
of renewal in addition to being a method of reproduction. It 
is a mechanism for creating young offspring by aged parents. 
It is an indirect means of achieving immortality through our 
children.
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2.1
Getting Introduced

to Blood

Blood is a complex fl uid, only about half of which is actually 
a fl uid. The other half consists of cellular elements. Blood is a 
brilliant evolutionary invention which has made possible large 
multicellular organisms and terrestrial existence. Unicellular 
organisms and very small multicellular organisms living in 
the sea can meet all their requirements of food, oxygen and 
excretion by exchange with the surrounding water through dif-
fusion. But if an organism is made up of a large number of 
den sely packed cells, majority of the cells cannot have a direct 
exchange with the surrounding water even if the organism is 
aquatic. This problem has been solved by having around each 
cell of the body a thin layer of fl uid, resembling sea water 
in composition and called the inter stitial fluid. Each cell 
exchanges nutrients and waste products with the interstitial 
fl uid surrounding it. However, the small quantity of the intersti-
tial fl uid makes it imperative that the nutrients be replenished 
and waste products be disposed of quickly and conti nuously. 
This is achieved by an exchange between the interstitial fl uid 
and blood across the capillary endo thelium. Since the quantity 
of blood is also limited, fresh supply of nutrients is ensured 
and accumulation of waste products prevented by keeping the 
blood in constant motion. The result is that the portion of blood 
which is in exchange with the interstitial fl uid is changing con-
tinuously. The ultimate replenishment of nutrients and elimi-
nation of waste is, of course, achieved when the blood passes 
through the relevant organs which are in touch with the exter-
nal environment. Thus the inter stitial fl uid and blood function 
somewhat as the sea water does in primitive organisms. That is 
why Bernard Seeman has said that we have a blood relation-
ship with every living being! The interstitial fl uid constitutes 
the small private pond of each cell. The blood, in addition to 
exchanging nutrients and waste products, also trans ports these 
substances from and to organs which are in contact with the 
external environment (such as the gut and lungs).

THROUGH THE EYES OF THE PAST
Blood has been one of the most attractive parts of the body 
which has excited the interest of scientists, philosophers, writ-
ers and poets alike. The ancients must have observed that if 
an animal or man lost a considerable quantity of blood, it gen-
erally did not survive. This must have led them to associate 

blood with life. Ebers Papyrus tells us that in ancient Egypt it 
was believed that food in the stomach was turned into blood by 
the heart. Now we know that this is only partly true. New blood 
is ultimately derived from food, but the heart has no role in 
the transformation. The ancients also had some idea of the dif-
ference between arterial and venous blood. They believed that 
the arteries carried air (pneuma) while veins carried the blood. 
As we now know, this is again only partly true. Both arteries 
and veins carry blood but the arterial blood has more oxygen, 
which is actually obtained from the air.
 According to the ancient European doctrine of four 
humors, blood was one of the humors which made the body. 
The other three humors were phlegm, black bile and yellow 
bile. The Ayurvedic concept of three humors is very similar, 
the humors being vayu (air), kapha (phlegm) and pitta (bile). 
In this system, vayu comes closest to blood. In both systems, 
based on humors, health was thought to be a state of balance 
of the humors, and disease a state of imbalance. The European 
doctrine of four humors was systematized into a complex pat-
tern by Galen in 2nd century AD and, like all Galen’s concepts, 
held the stage for about 1400 years. The social circumstances 
which made it possible for Galen’s ideas, many of them clearly 
wrong, to reign supreme for so long have already been dis-
cussed in Chapter 1.1. We have also discussed there the social 
and intellectual ferment during the renaissance which encour-
aged many to question and examine long-standing dogmas. 
The result of this development was the rapid growth of modern 
science.

Blue Blood

The blood of aristocrats or nobles is no more blue than 
that of ordinary mortals. The origin of the expression 
probably is that, historically, the nobles have generally had 
a fair complexion as compared to slaves. In fair individu-
als, bluish veins running under the skin are very prominent, 
giving the impression that their blood is blue. Blood is truly 
blue in arthropods such as crabs and lobsters due to the 
presence of the pale blue coloured hemocyanin instead of 
haemo globin. Hemocyanin contains copper instead of iron. 
Further, hemocyanin is dissolved in the plasma instead of 
being enclosed in cells
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 In the recent history of growth of our knowledge about 
blood, advent of microscopy in the seventeenth century was 
an important milestone. Antoni van Leeuwenhoek, who is 
considered a pioneer in micros copy, had little formal educa-
tion. But, among many other things, he also examined blood 
under the microscope. He described red blood cells and even 
measured their size. In spite of his lack of education, his fi nd-
ings were published in the Philosophical Transactions of the 
Royal Society due to the liberal attitude of the Royal Society of 
London, and the help of his physician friend Reinier de Graaf. 
But the initial reaction of many to microscopy was one of dis-
belief. They thought that the microscope distorts reality and 
creates illusions.
 In the eighteenth century, extensive studies on blood and 
related structures such as lymphatics and thymus were under-
taken by William Hewson. He described the leukocytes and 
demonstrated that coagulation was due to changes in the 
plasma rather than the blood cells. Hewson has been aptly 
called the “father of haema tology”, an honor he shares with a 
few more equally deserving scientists without, of course, creat-
ing any dispute of paternity.
 The next important technological advance which gave a 
boost to the study of blood was the development of staining 
techniques in the nineteenth century. Paul Ehrlich, an excep-
tionally intelligent and hardworking man, was a pioneer in the 
use of dyes for staining cells. With the use of stains, he distin-
guished different types of white blood cells, and identifi ed the 
alterations in red cells in various diseases. Ehrlich also laid the 
foundations of cytochemistry, immuno logy and chemotherapy, 
and he is aptly consi dered the father of all these disciplines in 
addition to that of hematology.
 Some milestones in haematology in the twentieth century 
are George Whipple’s studies on the relationship between diet 
and haemoglobin, George Minot’s discovery of the liver treat-
ment for pernicious anemia, and William Castle’s discovery of 
the extrinsic and intrinsic factors. These developments differ 
in an important way from all the preceding ones. The previ-
ous studies were all of a descriptive nature. But the important 
studies of the twentieth century are experimental investiga-
tions of mechanisms. They are designed to reveal cause-effect 

relationships. The last few decades have seen enormous strides 
in the growth of biological sciences including hematology. 
Immunology is now an independent and highly complex fi eld 
of study. Developments in cellular and molecular biology have 
given a new insight into the functions of various elements 
of blood in health and disease, thereby making possible new 
approaches to treatment of derangements such as coagulation 
disorders and leukemias.
 In the next few chapters we shall discuss the cur-
rent state of our knowledge regarding the physiology
of blood, and touch briefly on some of its applications in 
disease.

QUESTIONS AND PROBLEMS

1. Comment critically on the statement “Blood is a tissue”.
2. Comment critically on Irvine Page’s statement that blood is 

“the circulatory computer tape”.

ANSWERS AND SOLUTIONS
1. A tissue is a group of cells having a common origin and 

related functions. Blood has cells which originate in the 
bone marrow and have two broad sets of functions: oxy-
gen carriage (red blood cells) and defence (white blood 
cells). But blood cells are not closely juxtaposed one next 
to the other, or held together by collagen or elastic fi bers as 
in other tissues. Instead, they fl oat and circulate in a fl uid 
medium.

2. While it is circulating, blood comes in contact with each cell 
at some point during its journey. In addition to exchanging 
nutrients and waste products, inevitably some hormones, 
other secretory products, or metabolites formed by the cell 
also enter the blood, often in amounts proportional to the 
rate of production or release. Thus the blood carries data 
about the level of activity of a large variety of cells in the 
form of a chemical code in a manner somewhat similar to 
that employed by a computer tape. That is why Irvine Page 
has called blood “the circulatory computer tape”.
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2.2
The Plasma

Plasma is the fl uid in which the cellular elements of blood 
are suspended. Plasma forms about 55% of the blood volume 
while cells occupy the remaining 45%. If blood is allowed to 
clot, some plasma proteins are used up in the process of clot-
ting. The fl uid left behind after clotting is called serum. The 
composition of plasma and serum is almost identical except 
that some of the proteins involved in the process of clotting 
are missing from the serum. In order to separate plasma from 
blood cells, we fi rst add to blood a substance which prevents 
clotting (anticoagulant). Then we may leave the blood stand-
ing for the cells to settle down. However, speedy separation is 
achieved if blood containing the anti coagulant is centrifuged. 
The normal plasma volume in an adult is about 3 litres. The 
composition of plasma resem bles that of other extracellular 
fl uids of the body except for the presence of a signifi cant con-
centration of proteins.

PLASMA PROTEINS
Normal plasma has proteins in a concentration of 6.0-8.0 g/100 
mL of plasma. If we consider every protein present in the 
plasma, it is a bewildering collection which includes hundreds 
of enzymes, hormones and hormone-binding proteins. Some 
of these substances perform a specifi c function in blood, some 
merely travel in the blood from their source to their destina-
tion, and some probably merely leak into the blood from their 
source without any apparent purpose. But in the present con-
text, it would suffi ce to consider those plasma proteins which 
are present in signifi cantly high concentrations. These pro teins 
are albumin (4.0-5.0 g/100 mL), globulins (2.0-3.0 g/100 mL) 
and fi brinogen (0.3 g/100 mL). The concen trations vary con-
siderably, however, depending on the method of separation 
employed.

Methods of Separation
Major advances in the methods of separation of plasma pro-
teins took place during World War II under the leadership of 
Edwin J. Cohn, Professor of Physical Chemistry at Harvard 
Medical School. During any war, many are injured and lose 
blood. It was well established by World War II that the best 
way to replace blood was to transfuse blood or plasma. But 
there were practical problems associated with collection, 

transport and storage of large quantities of blood. The tech-
nique of freeze drying (lyophilization) of plasma had been 
developed by Flosdorf and Mudd in 1935 but even that needed 
enormous quantities of sterile water for reconstitution. Bovine 
plasma was tried, but proved unsafe. The problem Cohn set 
out to solve was how to make bovine plasma safe for human 
use. The approach used was to separate different plasma pro-
teins, and to fi nd which fraction is the safest and most useful 
for replacement of lost blood. Cohn played with fi ve varia bles 
which infl uence solubility of proteins, viz. pH, ionic concen-
tration, alcohol concentration, protein concen tration and tem-
perature. He fi nally arrived at a sequence which could give 
six fractions including the last one, which was mother liquor, 
having a dilute mixture of various proteins. Albumin was con-
centrated in fraction V, fi brinogen in fraction I, and globulins 
in fractions II, III and IV. As a happy coincidence, it was found 
that albumin was the safest fraction and also the one which was 
the most effective in raising the osmotic pressure of the recipi-
ent’s blood. But trials revealed that bovine serum albumin was 
still not completely safe for human use. Therefore Cohn’s frac-
tionation technique was applied to human plasma, and use of 
human serum albumin saved several lives in World War II. It 
was worked out that administering 100 mL of 25% albumin 
would increase plasma volume of the recipient by approxi-
mately 500 mL provided there was no continuing blood loss or 
dehydration.
 Cohn’s fractionation technique is still used for separation 
of plasma proteins. Other methods used for the purpose are 
electrophoresis, ultracentrifugation and immunochemical anal-
ysis. The concentration of different fractions varies somewhat 
with the method used. For example, the normal ratio of albu-
min concentration to that of globulin (A/G ratio) is 1.5-2.5 by 
electrophoresis.
 Some diseases in which plasma protein levels are signi-
fi cantly altered, have been shown in Table 2.2.1. A/G ratio 
is markedly low in liver disease because albu min levels are 
lower, and globulin levels higher than normal.

Origin
Albumin, various coagulation factors, and most of the a and b 
globulins are synthesized exclusively in the liver. Gamma glob-
ulins, which are antibodies, are syn thesized by B lymphocytes 
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in the lymph nodes, bone marrow, and various other parts of 
the body (Chapter 2.8).

Functions
Leaving aside the functions of various enzymes and peptide 
hormones transported in the plasma, the major functions of 
plasma proteins are discussed below.

Osmotic Pressure
Plasma proteins exert an osmotic pressure of 25 mm Hg which 
helps in maintaining plasma volume. Some fl uid is lost from 
capillaries to the interstitial fl uid at the arterial ends of capil-
laries. But at the venous ends of capillaries, an equivalent 
amount of fl uid is reabsorbed back into the capillaries, thereby 
maintaining the plasma volume. The osmotic pressure exerted 
by plasma proteins plays an essential part in this equilibrium. 
We shall learn more about this phenomenon in Chapter 2.11 
and 3.9

Viscosity
Plasma proteins account for about half the viscosity of blood, 
the other half being due to the blood cells. The contribution 
of each type of plasma protein to viscosity depends more on 
molecular shape than molecular size. That is why a given con-
centration of fi brinogen, which has a long fi brillar molecule, 
contributes much more to viscosity than the same concentra-
tion of albumin, which has an elliptical molecule. Viscosity is 
one of the determinants of resistance to fl ow of blood through 
blood vessels, as you know from Poiseuille’s equation.1

Buffering Action
At physiological pH, a significant part of plasma pro-
teins exist in an ionised form, i.e. the C-terminal end is 
in the form -COO– and the N-terminal end is in the form
-NH3

+2. Hence the C-terminal end can buffer the change that 
may follow addition of an acid, and the N-terminal end can 
buffer the change that may follow addition of an alkali (Fig. 
2.2.1). Plasma proteins help in maintaining the pH of blood 
through their buffering capacity.2

Protein Reserve
Plasma proteins provide a reserve which can be drawn upon for 
vital functions in a situation of protein starvation or depletion.

Antibodies
Plasma proteins belonging to the class gamma globulins are 
antibodies which protect us from infections and several harm-
ful substances (Chapter 2.8).

Clotting
Several plasma proteins are involved in the chemical reac tions 
associated with coagulation of blood (Chapter 2.10).

Transport
Hormones and several other small molecules travelling in the 
plasma would, by themselves, get fi ltered in the renal glomer-
uli and get excreted in the urine. This wastage is prevented 
during the journey of these substances from their origin to their 
destination by their getting bound to plasma proteins. For some 
hormones, specifi c binding proteins are known, e.g. thyroxine 
binding globulin (TBG) and corticosteroid binding glo bulin 
(CBG). Some hormones, and some other substances such as 
unconju gated bilirubin and free fatty acids are transported by 
albumin.

Plasma Protein-Tissue Protein-Diet Interaction
Plasma protein compartment is not a static compart ment. 
Metabolically, it is in equilibrium with tissue and dietary pro-
tein. Things may look simpler, without really introducing much 
error, if we consider blood also to be a tissue. Since diet is the 
ultimate source of all new pro tein synthesized in tissues, die-
tary protein and tissue protein have to be in equilibrium with 
each other. In periods of dietary protein restriction, the body 
draws on plasma proteins as well as tissue proteins. In such 
situations, giving albumin intravenously can replace plasma as 
well as tissue proteins. The interaction was investi gated fi rst by 
George Whipple through experi ments which have now become 
classics. He bled experi mental animals, separated the plasma 
from cells, and reinjected the cells suspended in saline. The 
procedure was repeated several times till the plasma protein 
concen tration fell to about 4 g/100 mL. If such an animal is 
starved of protein, part of the tissue proteins are exhausted 
to manufacture some plasma proteins. On the other hand, 
if the animal is fed protein in the diet, dietary protein serves 
to replace plasma proteins. In the feeding experiments, the 

Table 2.2.1: Pathological variations in 
concentration of plasma proteins

Variation Cause Examples

Low albumin level Poor supply Malnutrition,
  malabsorption
 Excessive loss Kidney disease, burns
 Impaired Liver disease
 synthesis
High plasma  Hemoconcentration Dehydration
protein levels
High globulin  Tissue destruction Fever
levels Excessive synthesis Liver disease
 of immunoglobulins

1 If you do not know, look for it in this book. Use the Index to locate it rapidly.
2 The form in which a protein molecule exists depends on the pH of the solution in which it is dissolved in accordance with the Henderson-Hasselbalch 
equation (Chapter 8.3).

Fig. 2.2.1: Mechanism whereby ionized proteins can buffer changes 
in pH. The C-terminal end can attenuate the effect of hydrogen ions, 
and the N-terminal end that of hydroxyl ions
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effi cacy of different types of food proteins was also evalu-
ated by Whipple. Proteins with an essential amino acid pro-
fi le resembling the proteins to be manufactured were naturally 
more effective than other types of dietary proteins. The more 
effective proteins are also known as proteins of high biological 
value (Chapter 7.5).
 In this chapter we have concentrated on the plasma; in the 
next few chapters we will talk about cellular elements of blood, 
fi rst the red cells and then the white cells and platelets.

QUESTIONS AND PROBLEMS
1. Compare the osmotic pressure of plasma with that of plasma 

proteins.
2. Why is albumin the fi rst plasma protein to appear in the 

urine in renal disease?

ANSWERS AND SOLUTIONS

1. The osmotic pressure of plasma is about 5000 mm Hg while 
that of plasma proteins is 25 mm Hg. Although plasma pro-
teins make a very small contribution to the osmotic pres-
sure of plasma, the importance of this contribution lies in 
that it represents the source and magnitude of the differ-
ence between the osmotic pressure of plasma and that of 
the interstitial fl uid. That is because the composition of 
plasma is very similar to that of interstitial fl uid except for 
the absence of proteins in interstitial fl uid. Hence it is the 
additional 25 mm Hg which helps in regulating plasma vol-
ume as explained in the text.

2. Albumin has a molecular weight of 69,000 which corre-
sponds to a molecular size only slightly larger than that of 
molecules that get fi ltered through renal glomeruli. Hence 
in renal disease, as soon as the permeability of glomerular 
capillaries is slightly increased, albumin gets fi ltered and 
appears in the urine.
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2.3
The Red Blood Cell

Blood is red due to the presence of a large population of red 
blood cells (RBC), also called erythrocytes (erythros, red; 
kytos, cell). RBC, in turn, are red because they contain haemo-
globin. Human RBC are biconcave in shape, which has at least 
three advantages. First, if surrounded by a hypotonic solution, 
RBC can swell quite a bit before bursting. Second, the bicon-
cave shape is best suited for squeezing through narrow spaces, 
by even bending along the middle, if necessary. Finally, the 
biconcave shape implies a large surface to volume ratio, which 
increases the effi ciency of oxygen transfer across the RBC 
mem brane. The mean red cell diameter is about 7.5 microns, 
maximum thickness at the edges is about 2.5 microns and min-
imum thickness in the centre is about 0.8 microns. The number 
of red cells in blood is about 5 millions per cu mm of blood in 
normal healthy adults. The count is about 0.5 million per cu 
mm higher in men than in women, and higher in those living 
at high altitude than in those living at sea level. RBC occupy 
about 45% of the blood volume. This fi gure is referred to as 
packed cell volume (PCV) or haematocrit. The concen tration 
of haemo globin in blood is about 15 g/100 mL blood. From the 
fi gures that you already have, it is easy to deduce some other 
indices which are commonly used in haematology.
 The average volume of an RBC is called mean corpuscu-
lar volume (MCV).
 Suppose PCV = 45 mL/100 mL
 and RBC count = 5 million/cu mm
  = 5 × 106/cu mm
  = 5 × 1011/100 mL
 Since volume of 5 × 1011 RBC = 45 mL

 Volume of 1 RBC = 45
5 × 1011  mL

 i.e. MCV = 
45 × 1012

5 × 1011  cubic microns

 or MCV  = 90 cubic microns
 The average amount of haemoglobin in an RBC is called 
mean corpuscular haemoglobin (MCH).
 Suppose hemoglobin (Hb) = 15 gm/100 mL
 and RBC count = 5 million/cu mm
  = 5 × 1011/100 mL
 If 5 × 1011 RBC contain 15 g Hb

 One RBC contains 15
5 × 1011

 g Hb

 Hence Hb content of 1 RBC = 15 × 1012

5 × 1011
 pg

 or MCH = 30 pg
 But the single most useful index is mean corpuscular hae-
moglobin concentration (MCHC). MCHC is the amount of 
haemoglobin per unit volume of red cell mass expressed as a 
percentage
 Suppose PCV  = 45 mL/100 mL
  and Hb   = 15 g/100 mL
  i.e. 45 mL of RBC contains 15 g Hb

 Hence 100 mL of RBC contains 15
45

 × 100 g Hb = 33.3 g 
Hb
 Therefore MCHC = 33.3%

Structure and Function of Erythrocytes
Erythrocyte is a highly specialized cell with a very simple 
structure. It is so specialized that almost all structural features 
of a typical cell have been done away with, reducing it to vir-
tually a bag of haemoglobin. The mature erythrocyte has no 
nucleus, no mitochondria and no ribosomes. The red cell mem-
brane has the typical lipo protein bilayer structure. But it has 
some special features which allow glucose transport into the 
red cell without requiring insulin. Glucose is transported across 
the red cell membrane by a carrier-mediated passive process 
(facilitated diffusion). However, insulin receptors are present 
on the red cell membrane.
 Easy entry of glucose into the red cell is consistent with the 
fact that the red cell depends entirely on glucose metabolism 
for its energy supply. Since the red cell has no mitochondria, 
it metabolizes glucose by the anaerobic glycolytic (Embden-
Meyerhof) pathway, which accounts for about 90% of the glu-
cose metabolized, or by the aero bic pentose phosphate path-
way, which accounts for the remaining 10% of the glucose 
metabolized.
 The basic function of red cells is to transport oxygen, 
which is made possible by the high affi nity haemoglobin has 
for oxygen.
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 Besides oxygen transport, haemoglobin also plays a role in 
carbon dioxide transport and maintenance of pH of blood. All 
these functions have been discussed in greater detail at appro-
priate places in the book.
 Blood cells, including erythrocytes, are a dynamic popu-
lation. Old cells are destroyed and replaced by new ones. 
The turnover is quite rapid; hence precursors of blood cells 
are among the most actively dividing cells of the body. The 
lifespan of erythrocytes may be determined by labelling a 
sample of red cells with radioactive chromium (51Cr) or some 
other suitable substance. The basic principle underlying the 
method is the fact that the red cell loses 51Cr only when it is 
destroyed, and the 51Cr that it releases is not taken up by new 
red cells. In practice, a few milliliters of the subject’s blood 
are withdrawn, labelled with Na2 

51CrO4, and reinjected back 
into the subject. The labelled cells would include some very 
old cells which were on the verge of dying, some not so old, 
and some which were very young and can hope to live almost 
their entire lifespan after injection. Hence if radioactivity in 
red cells is measured periodically, it declines steadily till the 
youngest of the subject’s red cells has also died. The time after 
which radioactivity disappears from the red cells completely 
gives the normal lifespan of red cells (Fig. 2.3.1). But, in prac-
tice, it is not necessary to wait till that point. After a few peri-
odic measurements, the radioactivity disappearance curve can 
be extrapolated to zero activity, and the lifespan of red cells 
estimated. The lifespan of red cells in healthy individuals is 
about 120 days.
 Since the normal red cell count is the result of a dyna mic 
equilibrium between red cell formation and destruc tion, it is 
important to study both these processes and their regulation. 
Formation of new red cells (erythro poiesis) will be discussed 
in this chapter, and their destruction in the next one.

ERYTHROPOIESIS
Erythropoiesis (erythros, red; poiesis, making) is part of a 
broader process, haemopoiesis, i.e. formation of blood cells 
in general. It is now generally agreed that the precursor of all 
blood cells is a primitive stem cell, also called a totipotent hae-
matopoietic stem cell (THSC). THSC is a cell capable of rapid 
proliferation accompanied by differentiation. Differentiation of 
the THSC is asso ciated with subtle biochemical changes which 
eventually result in a cell committed to forming a specifi c vari-
ety of blood cell. The process of proliferation and differen-
tiation continues till mature blood cells, incapable of prolif-
eration, are formed. Loss of the capacity to divide seems to be 
the price paid for differentiation. The general process of pro-
liferation and progressive differentiation leads to an important 
question. If the process of differentiation affects every daugh-
ter cell, how is it that undifferentiated dividing cells do not get 
exhausted? Why do we not fi nally reach a stage when all cells 
are highly differentiated but incapable of dividing? Such an 
end would be a tragedy because it would wipe out the mecha-
nism for replacement of dead cells. This tragedy is prevented 
because some of the daughter cells are just as undifferentiated 
as the parent cell. In this way compartments of undifferentiated 
cells, lacking differen tiation to varying degrees, are preserved 

while at the same time another set of daughter cells gets pro-
gressively differentiated (Fig. 2.3.2).

Sites of Erythropoiesis
The sites of erythropoiesis vary somewhat with age. During 
intrauterine life, in the early embryo, erythro poiesis occurs in 
the mesoderm of yolk sac. In a few weeks, the process shifts 

Fig. 2.3.1: Idealised curve of decline in radioactivity of a random 
sample of labelled erythrocytes. The complete disappearance of 
radioactivity indicates the destruction of youngest of the labelled 
erythrocytes and hence gives their lifespan.

Fig. 2.3.2: Diagrammatic representation of some general features of 
haemopoiesis.The stem cell is an undifferentiated (UD) cell capable 
of proliferation and differentiation. Some daughter cells produced by 
the division of the stem cell are somewhat differentiated (D1) while 
others are just as undifferentiated (UD) as the mother cell. The UD 
daughter cells serve to replenish the stem cell compartment. Division 
of the D1 cell produces daughter cells with asymmetric characters as 
in case of division of the UD cell. The more differentiated daughter 
cell (D2) may not possess the capacity for cell division, and may 
simply undergo further differentiation to produce mature blood cells 
through stages D3 and D4. The scheme is hypothetical, and there 
are alternative hypotheses available to explain the replenishment of 
undifferentiated and poorly differentiated cell compartments
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to the mesoderm of body. During these stages, erythropoiesis 
is intravascular. It takes place by the simple process of some 
endothelial cells under going transformation into blood cells 
and detaching themselves from the vessel wall to enter the 
circulation. After the third intrauterine month, erythro poiesis 
takes place in the liver and spleen in the mesenchymal tissue 
between blood vessels and tissue cells. After the fourth intrau-
terine month, the foetal bone marrow also starts manufactur-
ing blood cells. By the time of birth, bone marrow takes over 
erythropoisis completely. Thus all extrauterine erythropoiesis 
is medullary (i.e. in the bone marrow). But liver and spleen 
retain the potential for erythropoiesis throughout life. Hence in 
situations when the demand for red cells exceeds the capacity 
of bone marrow to manufacture them, extramedullary erythro-
poiesis is often seen. In a newborn, all bones have red bone 
marrow, i.e. marrow which manufactures blood cells. But as 
the child grows, the bones also grow and so does the marrow. 
But the need for manufacturing blood cells does not grow pro-
portionately. Hence progressively larger parts of the marrow 
change to yellow bone marrow, i.e. marrow which does not 
manufacture blood cells. The red marrow in the shafts of 
long bones is the fi rst to be replaced by yellow marrow, fol-
lowed by that at the ends of long bones. Finally, in the adult, 
red marrow exists only in sternum, ribs, vertebrae, pelvis and 
skull. Therefore, if a sample of bone marrow is required for 
diagnostic purposes, it is usually obtained from either the 
sternum or the iliac crest. However, when the need for manu-
facturing blood cells is heavy, fi rst the area occupied by red 
marrow expands, and then extramedullary haemo poiesis may 
also begin.

Stages of Erythropoiesis
The totipotent haemopoietic stem cell (THSC) and the earli-
est cell committed to the red cell series (proerythro blast) are 
apparently very similar microscopically. Either of them is a 
large round cell (15-20 micron diameter) with a large nucleus 
occupying almost the entire cell, prominent nucleoli, and a thin 
rim of basophilic cytoplasm. As the proerythroblast proliferates 

The Cell Cycle

Dividing cells undergo regular cyclic changes. During one 
part of the cycle, the cell divides; during another part of the 
cycle, the cell prepares to divide; and during yet another 
part of the cycle, the decision is taken whether the cell will 
divide further or will differentiate and stop dividing.
 A resting cell, which is not in the cycle, but is capable of 
entering the cycle under appropriate circumstances is said 
to be in G0 phase (Fig. 2.3.3). When the decision to divide 
has been taken but there is not much apparent preparation 
for cell division going on, the cell is said to be in phase G1. 
The duration of G1 is highly variable but is generally at least 
2 h. The G1 phase is followed by the phase of DNA synthe-
sis (S phase). During this phase which lasts for 6-24 h, the 
amount of DNA is doubled by replication. The S phase is 
followed by a brief (2-8 h) growth phase G2 during which 
the cell is tetraploid. The G2 phase is followed by mitosis 
(M phase) consisting of prophase, metaphase, anaphase and 
telophase. The M phase lasts only 0.5 -3 h, and results in 
two daughter cells.
 In this terminology of cell cycle, G stands for gap. The basic 
concept is that DNA synthesis (S) and mitosis (M) are essen-
tial for cell division. However, these phases are separated by 
gaps. The gap preceding S is G1, and the gap between S and M 
is G2. If the cell division is suspended for a long time (resting 
phase), the cell is said to be in G0. The distinction between 
G0 and G1 is subtle but defi nite. Anticancer drugs, which 
act on rapidly dividing cells, do not kill cells in G0. Agents 
such as erythropoietin, which accelerate cell division, do so 
primarily by shortening G1. Once a cell enters the S phase, 
its commitment to divide is complete. If the processes of
S, G2 or M phase are inhibited by some drugs, i.e. if cell divi-
sion is inhibited, the cell dies. That is the basis of action of 
many anticancer drugs. The products of mitosis, the daugh-
ter cells, may (a) undergo differentiation and stop dividing, 
or (b) enter phase G1 of the next cell cycle, or (c) enter a 
resting phase G0, or (d) die. The signals which determine the 
alternative chosen by a cell, and the mechanisms by which 
those signals mediate their effect, are the subject of much 
current research.

Fig. 2.3.3: The cell cycle depicted in terms of the gap terminology. 
The process of cell division by mitosis (M) is preceded by doubling of 
chromosomes which needs DNA synthesis (S). These two processes 
are separated by ‘gaps’. The gap between M ans S is G1, and the gap 
between S and M is G2. After a cell division, the cell may also go into 
a truly resting phase (G0) when it is not making any preparations at all 
for cell division. However, the cell in G0 can be stimulated to enter G1.

and differentiates, it gets progressively smaller, the nucleus 
disintegrates and fi nally disappears, and haemoglobin makes 
its appearance. These changes, although conti nuous, have been 
arbitrarily divided into stages for convenience. The stage next 
to the proerythroblast is called early normoblast. Early nor-
moblast is smaller in size than a proerythroblast and has no 
nucleoli. The next stage is called intermediate normoblast, 
which is still smaller, and has a polychromatophilic (partly 
blue and partly red with the usual stains) cytoplasm. This 
change in the appearance of cytoplasm is due to the appear-
ance of haemoglobin. The next stage is that of late normob-
last, which has a red cytoplasm because it carries nearly the 
full quota of haemoglobin. Its size varies from that of a mature 
RBC to slightly larger (7-10 microns), it no longer retains the 
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capacity to divide, and it has a small rounded nucleus with 
coarse chromatin (called a pyknotic nucleus). The next stage 
is called reticulocyte (reticulum, net: kytos, cell). It resembles 
the mature erythrocyte except for the presence of a network 
composed of disintegrating nuclear material. The fi nal stage 
after the reticulocyte is that of the mature red cell. The different 
stages of erythropoiesis have been shown in Plate 2B.
 In healthy persons, the bone marrow releases mature 
erythro cytes and a few reticulocytes into the circulation. 
Normally reticulocytes form less than 1% of the circulating 
RBC. However, in conditions of enhanced requirements of 
RBC or accelerated erythropoiesis, a larger number of reticulo-
cytes may be released from the bone marrow raising their per-
centage in peripheral blood. An anaemic patient shows a retic-
ulocyte response after institution of treatment, and this is used 
as one of the laboratory criteria of appropriateness of therapy.

Regulation of Erythropoiesis
Since the red cell mass of an individual is essentially stable 
in spite of constant formation and destruction of erythro cytes, 
the process must be fi nely regulated. Multiple regulatory fac-
tors are possibly involved but unfortu nately our knowledge is 
respectable about only one of them, viz erythropoietin.

1. Erythropoietin
Erythropoietin is a glycoprotein released predominantly from 
the kidneys in response to tissue hypoxia. When the haemo-
globin concentration of blood falls, oxygen tension in the tis-
sues also falls at least slightly. The kidneys also share this 
fall in tissue oxygen tension, and respond to it by secreting 
the hormone, erythropoietin, into the bloodstream. The renal 
response to hypoxia has been inferred from several experi-
ments. Constriction of the renal artery leads to release of 
erythropoietin. Erythropoietin is also released by the isolated 
kidney if it is perfused with a hypoxic fl uid. However, erythro-
poiesis continues fairly normally even after removal of both 
kidneys. Further, the erythropoietic response to hypoxia is also 
preserved even after removal of kidneys. These observations 
suggest that although kidneys are the major source of erythro-
poietin, there are other sources in the body as well. One of the 
extrarenal sources of erythropoietin is likely to be the liver.
 Erythropoietin affects red cell production by acting on 
several precursors of erythrocytes. It shortens their cell cycle, 
thereby inducing them to divide more frequently. It also stimu-
lates globin production, thereby promoting fi lling of the cells 
with haemoglobin. In addition erythro poietin possibly also 
favors the drift of totipotent stem cells towards the erythroid 
series, and stimulates the release of relatively immature forms 
of erythrocytes into the circulation.

2. Androgens
Since men have a higher red cell count than women, and the 
difference between sexes appears at puberty, androgens are 
likely to at least stimulate, if not regulate, erythropoiesis. 
Experimental studies support this conclusion and point to the 
following possible mecha nisms by which the effect may be 
mediated:
a. Androgens stimulate erythropoietin production.

b. Androgens potentiate the action of erythropoietin by 
increasing the population of stem cells on which erythro-
poietin can act.

c. Androgens directly stimulate erythropoiesis.

3. Oestrogens
Oestrogens have an inhibitory effect on erythropoiesis. The 
effect is likely to be mediated by the following mechanisms:
a. Oestrogens suppress erythropoietin production.
b. Oestrogens inhibit the stem cell response to erythro poietin.

4. Thyroxine, Cortisol and Growth Hormone
The defi ciency of these hormones is generally associated with 
anaemia. These hormones stimulate erythropoiesis possibly 
by increasing the oxygen consumption of tissues and thereby 
promoting tissue hypoxia. Tissue hypoxia, in turn, stimulates 
erythropoietin production as discussed earlier.

5. Neural Control
Some controversial experimental evidence indicates that some 
hypothalamic cells may sense hypoxia and respond to it by 
stimulating erythropoiesis through a neuro humoral mechanism.

6. Products of Haemolysis
It is controversial whether products released by red cells stimu-
late erythropoiesis, inhibit erythropoiesis, or do not affect the 
process at all. It is tempting to believe that some products of 
red cells may be exerting a feedback effect on erythropoiesis.

7. Dietary Factors
Some dietary factors are essential for erythropoiesis. For exam-
ple, amino acids are required for synthesis of globin, iron for 
synthesis of haeme, and vitamin B12 and folic acid for matura-
tion of red cell precursors. Therefore, a defi ciency of any of 
these factors reduces erythropoietic activity. And, if the eryth-
ropoietic activity is low due to a dietary defi ciency, the activity 
can be stimulated (or rather restored back to normal) by pro-
viding the defi cient nutrient. This effect of nutrients cannot, 
however, be termed a regulatory effect.
 In this chapter we have learnt about the birth of erythro-
cytes; in the next we shall learn about their death.

QUESTIONS AND PROBLEMS
1. The concentration of haemoglobin in blood is about:
 A. the same as that of plasma proteins
 B. twice that of plasma proteins
 C. three times that of plasma proteins
 D. four times that of plasma proteins
2. It has been observed that if plasma from anemic animals 

is injected intravenously into normal animals, the reticulo-
cyte count of normal animals rises sharply. How would you 
explain this experimental observation?

ANSWERS AND SOLUTIONS
1. D. The haemoglobin concentration is about 14 g/dl blood, 

while the plasma protein concentration is about 7 g/dl 
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plasma. Since plasma forms about half of blood, plasma 
protein concentration is about 3.5 g/dl blood. Hence the 
concentration of haemoglobin in blood is about four times 
that of plasma proteins.

2. A sudden rise in reticulocyte count indicates stimulation of 
erythropoiesis. When erythropoiesis is stimulated, imma-
ture erythrocytes, specially reticulocytes, are released into 

the circulation in large numbers. That is why reticulocyte 
count increases whenever there is an increase in erythropoi-
etic activity. Hence the observation suggests that anaemic 
animals have in their plasma a substance which stimulates 
erythropoiesis. The experiment points to humoral control 
of erythropoiesis, and we now know that the substance 
involved is erythropoietin.
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2.4
Pathophysiology of 

Jaundice

Jaundice is characterised by yellowish discoloration of the 
skin and sclera due to the deposition of yellowish pigment, 
bilirubin. This happens due to an increase in the concentration 
of bilirubin in blood. Bilirubin is a normal product of erythro-
cyte breakdown. Therefore, for understanding why, how and 
when jaundice may occur, it is essential to learn the pheno-
menon of red cell breakdown.

DESTRUCTION OF ERYTHROCYTES
The death of red cells is essentially a phenomenon of aging. 
Red cells have a limited lifespan of about 120 days. When a 
red cell has lived its normal lifespan, it loses its vitality and is 
trapped by the macrophages of the reticulo endothelial system, 
now generally called the mononuclear phagocytic system 
(MPS). Macrophages of the MPS are present in spleen, liver, 
lymph nodes and bone marrow. Macropahges phagocytose the 
red cells or their fragments, release the haemoglobin and break 
it into its components.

Catabolism of Haemoglobin
Macrophages split haemoglobin into haeme and globin. 
Globin is broken into its constituent amino acids. Amino 
acids join the amino acid pool of the body and are uti-
lized as and when required. Haeme is catabolized by 
a microsomal oxygenase system (Fig. 2.4.1). Iron is 
split from haeme, and joins the iron pool of the body.
The remain ing part of the haeme molecule is simul taneously 
oxidised to biliverdin. Carbon monoxide is also released in the 
reaction, which is the only metabolic reaction known in which 
carbon monoxide is produced.
 The haeme oxygenase reaction is followed by reduction 
of biliverdin to bilirubin by the enzyme biliverdin reductase. 
Bilirubin is a lipophilic compound but insoluble in water. 
Because of its lipophilic nature, it can cross cell membranes 
quite easily. But because of its water-insolubility, it can be 
transported in body fl uids only in combination with albumin or 
after conjugation in the liver.
Fate of Bilirubin
Bilirubin released by the macrophages diffuses into the blood-
stream and enters the general circulation. In the blood it forms 
a complex with albumin. Formation of the bilirubin-albumin 

Fig. 2.4.1: Catabolism of haeme in the reticuloendothelial system.

complex prevents urinary excre tion of bilirubin because the 
albumin molecule is big enough not to get fi ltered in renal 
glomeruli. During the course of its circulation, when the 
bilirubin-albumin complex reaches the liver, the complex is 
split. Albumin stays back in the blood while bilirubin enters 
liver cells. Handling of bilirubin by hepatocytes may be 
divided into three steps (Fig. 2.4.2).

1. Uptake
Circulating bilirubin is split from albumin and trans ported into 
the hepatocyte. In the hepatocyte, bilirubin forms a complex 
with a cytoplasmic protein, ligandin. Combination with ligan-
din prevents bilirubin from returning to the blood because the 
complex is too large to cross the liver cell membrane.

2. Conjugation
Hepatocytes conjugate bilirubin with glucuronic acid. The con-
jugation reaction takes place in the endoplasmic reticulum, and 
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involves uridyl diphosphate (UDP) glucuronic acid and the 
enzyme glucuronyl transferase.

3. Excretion
The product of conjugation, bilirubin glucuronide, is excreted 
by the hepatocytes through the biliary cana liculi. Excretion of 
bilirubin is an active process, i.e. it needs energy, and is the 
rate-limiting step in the hepatic handling of bilirubin.
 Bilirubin glucuronide is excreted by the liver in bile, and 
is discharged into the small intestine. When bilirubin reaches 
the large intestine, it is acted upon by the bacterial flora 
residing there. Glucuronic acid is split from bilirubin, and 
bilirubin undergoes a series of reduction reactions to form 
stercobilinogen.
 Stercobilinogen, a colourless compound, is disposed of in 
two alternative ways. Of the stercobilinogen formed everyday, 
about 80% stays in the intestine, and is excreted in the faecal 
matter. Prior to faecal excretion, it is often oxidized to sterco-
bilin. Stercobilin is a brownish compound and is responsible 
for the brown colour of stools. The remaining stercobilino-
gen (about 20%) is absorbed into the portal circulation. The 
absorbed stercobilinogen is further disposed of in two alterna-
tive ways. A part of it is re-excreted by the liver into bile, and 
thereby re-enters the intestine. The remaining absorbed sterco-
bilinogen enters the general circulation and is excreted by the 
kidneys. The stercobilinogen excreted in the urine is generally 
called urobilinogen. The fate and excretion of bilirubin in the 
body has been summarized in Figure 2.4.3.

JAUNDICE
As mentioned earlier, jaundice is yellowish discolouration of 
the skin and eyes due to an elevation in the concen tration of 
bilirubin in blood. The normal concentration of bilirubin is less 
than 1 mg/dL plasma or serum. But jaundice can be detected 
clinically only when the bilirubin level exceeds 2.5 mg/dL. The 
fi rst site where jaundice is clinically detectable is the sclera, 
for which there are two reasons. First, since the sclera is nor-
mally white, a yellowish discolouration is more obvious than 
a similar discolouration of the brownish skin. Second, sclera 
has a protein, elastin, which has an extremely high affi nity for 
bilirubin.

Etiology of Jaundice
Jaundice may be logically due to two reasons: either an 
increase in the production of bilirubin, or a decrease in the 
excretion of bilirubin. Production of bilirubin is increased if 
the rate of red cell destruction is increased (haemolytic jaun-
dice). The causes of haemolysis have been discussed in some 
detail in Chapter 2.5 under haemolytic anaemias. The excretion 
of bilirubin may be impaired either because the liver cannot 
conjugate bilirubin effi ciently (hepatic jaundice), or because 
the conjugated bilirubin cannot fl ow through the biliary tract 
freely (obstructive jaundice). Hepatic jaundice is commonly 
due to viral hepatitis, and obstructive jaun dice due to stones in 
the common bile duct. However, in terms of pathophysiology 
there is some overlap between hepatic and obstructive jaun-
dice. In hepatic jaundice, there is often a narrowing of biliary 
canaliculi, adding an intrahepatic obstructive element to the 
disease process. On the other hand, in obstructive jaundice, 

Fig. 2.4.2: Hepatic metabolism of bilirubin. 1, uptake; 2, conjugation; 
3, excretion. B, bilirubin; Alb, albumin; GST, glucosyl S-transferases; 
BG, bilirubin glucuronide.

Fig. 2.4.3: Metabolism and excretion of bilirubin. Bilirubin is 
conjugated with glucuronic acid in the liver and then excreted into the 
bile. Conjugated bilirubin enters the intestine where it is metabolised 
by bacterial fl ora. About 80% of the metabolised bilirubin is excreted 
in the faeces. The remaining 20% is absorbed, part of which returns 
to the intestine by entero-hepatic circulation, and part enters the 
general circulation and is excreted by the kidneys. Details in the 
text. BG, bilirubin glucuronide; G, glucuronic acid; B, bilirubin; +H, 
reduction; SB, stercobilinogen; –H, oxidation; A, intestinal artery; C, 
intestinal mucosal capillary bed; PV, portal veins; HV, hepatic vein; 
GC, general circulation; UB, urobilinogen.
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biliary stasis in the liver damages the hepatocytes, adding a 
hepatocellular element to the disease process (Fig. 2.4.4).

Clinical and Laboratory Features of Jaundice
In haemolytic jaundice, excessive breakdown of erythrocytes 
results in release of so much bilirubin from the macrophages 
into the circulation that even a normal liver cannot conjugate 
all of it. As a result, a backlog collects in the bloodstream in 
the form of a complex of bilirubin with plasma albumin, and 
produces jaundice (Fig. 2.4.5). But the liver does conjugate 
more than the normal quantity of bilirubin. Hence a higher than 
normal quantity of bilirubin glucuronide is delivered to the 
intestines. Consequently, the amount of stercobilinogen formed 
is increased, leading to a rise in both faecal stercobilinogen and 
urinary urobilinogen. Since the excess of bilirubin in the blood 
is in the form of a macromolecular complex with albumin, it is 
not excreted in the urine. Since the basic abnormality is exces-
sive haemolysis the patient may be anaemic but the liver func-
tion tests are normal.
 In hepatic jaundice all three steps in handling of bilirubin 
by the hepatocyte may be affected; viz. uptake, conjuga-
tion and excretion. But as mentioned earlier, the rate-limiting 
step is excretion, and therefore that may be the most affected. 
Also, there may be a mechanical barrier to excretion of con-
jugated bilirubin due to narrow ing of biliary canaliculi by 
the infl ammatory process. Hence not only is conjugation of 
bilirubin impaired, some conju gated bilirubin is also unable to 
get excreted with bile. The conjugated bilirubin that accumu  -
lates in liver cells diffuses across the cell mem brane into the 
bloodstream (Fig. 2.4.6). Thus in hepatic jaundice the blood 
has excess of bilirubin-albumin complex (because the diseased 

liver may not be able to conjugate the normal amount of 
bilirubin) as well as conjugated bilirubin which diffuses back 
into the bloodstream. Since conjugated bilirubin (i.e. bilirubin 
glucuronide) is excreted in the urine, urinary bilirubin is 
present and makes the urine yellow. Bilirubin excreted into 
the bile is correspondingly reduced. Hence faecal sterco-
bilinogen and urinary urobilinogen are reduced. Impairment 
of the excretory function of liver affects not only conjugated 
bilirubin but also bile salts, which are also ‘regurgitated’ back 
into the bloodstream. Bile salts are also small molecules, 
and are hence excreted into the urine. Further, reduced bile 
salt secretion into the intestinal lumen may impair fat diges-
tion and absorption, thereby increasing faecal fat excretion. 
Since the basic abnormality is liver disease, the liver function 
tests are abnormal. For example, the plasma albumin is low 
and globulins high. Plasma albumin is low because the dis-
eased liver cannot synthesize the normal amount of albumin. 
Plasma globulins are high in liver disease because of a rise 
in the gamma-globulin fraction which consists of anti bodies. 
Intestinal infections which are normally checked by the liver 
while the germs are passing through it in portal blood may get 
past a diseased liver. If an infection bypasses the liver, it enters 
the general circulation and is likely to evoke a systemic anti-
body response.
 In obstructive jaundice, if the obstruction is complete, no 
bile reaches the intestine. Hence neither bilirubin nor bile salts 
reach the intestine (Fig. 2.4.7). Failure of bilirubin to reach the 

Fig. 2.4.4: Potential sites of genesis of jaundice. 1, excessive 
breakdown of erythrocytes; 2, hepatocellular defect; 3, biliary 
obstruction. U, uptake; C,conjugation; E, excretion; GC, general 
circulation.

Fig. 2.4.5: Haemolytic jaundice. The high load of bilirubin leads to 
a backlog of bilirubin-albumin complex (which gives an indirect van 
den Bergh reaction) in the circulation.
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Fig. 2.4.6: Hepatic jaundice. The liver cells may not be able to take 
up all the bilirubin formed. Hence there may be a backlog of bilirubin-
albumin complex. Further, liver cells may not be able to excrete all 
the bilirubin which they conjugate with glucuronic acid, leading to 
regurgitation of bilirubin glucuronide. Bilirubin glucuronide is excreted 
in the urine. Since the amount of bilirubin glucuronide delivered to the 
small intestine is reduced, faecal stercobilin and urinary urobilinogen 
are reduced.
 Bil-Alb, bilirubin-albumin complex; BG, bilirubin glucuronide; GC, 
general circulation.

Fig. 2.4.7: Obstrutive jaundice. Obstruction in the biliary passages 
may make it impossible for the bile to reach the intestine. Hence there 
is no faecal stercobilin and no urinary urobilinogen. Regurgitation of 
the conjugated bilirubin (which gives a direct van den Bergh test) leads 
to its appearance in the blood stream and consequent excretion in 
the urine. BG, bilirubin glucuronide; GC, general circulation.

intestines means no faecal stercobilinogen, no brown colour 
in the stools (and hence the clay coloured stools), and no uri-
nary urobilinogen. Failure of bile salts to reach the intestines 
means an increase in faecal fat. Since conjugated bilirubin 
fails to reach the intestines, it accumulates at sites proximal 
to the obstruction, and is regurgitated by the liver cells into 
the bloodstream. Therefore the level of conjugated bilirubin in 
the blood is high (and hence the jaundice), and is excreted into 
the urine (and hence the deep yellow urine). Like conjugated 
bilirubin, bile salts are also regurgitated into the bloodstream, 
and excreted into the urine. Liver function tests are normal 
unless prolonged biliary stasis has damaged the liver. One test 
which helps in determining the type of bilirubin present in 
serum is the van den Bergh test. The test is based on the prin-
ciple that excess of water soluble bilirubin glucuronide gives 
a reddish-violet colour when brought in contact with a mix-
ture of sulphanilic acid, hydrochloric acid, and sodium nitrite 
(diazo reagent). If the colour appears immediately when the 
test is performed in this way, the test is said to be direct posi-
tive. However, if the excess of bilirubin in the serum is in the 

form of a complex with albumin, the appearance of colour is 
delayed because this bilirubin is not water soluble. But if we 
add to the reaction mixture some alcohol, the bilirubin-albu-
min complex is rendered soluble, and the reddish-violet colour 
appears imme diately. If the colour appears late or only after 
addition of alcohol, the test is said to be indirect positive. From 
the preceding discus sion, it should be clear that in haemolytic 
jaundice, the van den Bergh test is indirect positive; in obstruc-
tive jaun dice, it is direct positive. In hepatic jaundice, the test 
may be biphasic.

Physiological Jaundice
This apparently paradoxical term is applied to the jaundice, 
usually mild, which is seen in some newborn children. That is 
why it is also known as neonatal jaundice. It is more common 
in premature babies and in those having a low birth weight. 
The jaundice appears on the second or third day of life, and 
generally dis appears within a week. It is thought to be due to 
imma turity of liver function. Glucuronyl transferase activity 
is subnormal in livers of newborn children, specially if pre-
mature. Neonatal jaundice is unlikely to be due to haemo lysis. 
Although haemoglobin level in blood does fall in the initial 
period of life, its time course is quite different from that of 
jaundice. The rate of fall of haemoglobin is maximum during 
the second week of life, and continues upto the third month. 
Further, the decline in haemo globin is more due to inadequate 
erythropoiesis rather than due to haemolysis.
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QUESTIONS AND PROBLEMS

Complete the following table, giving reasons for your answers1

  Jaundice

 Haemolytic Hepatic Obstructive

Faecal stercobilinogen
Urinary urobilinogen
Urinary bilirubin
van den Bergh test
Liver function

ANSWERS AND SOLUTIONS

  Jaundice

 Haemolytic Hepatic Obstructive

Faecal stercobilinogen Increased Decreased Absent
Urinary urobilinogen Increased Decreased Absent
Urinary bilirubin Absent Present Present
van den Bergh test Indirect Biphasic Direct
Liver function Normal Impaired May be impaired

 In haemolytic jaundice, faecal stercobilinogen and urinary 
urobilinogen are increased because bilirubin production is 
increased, and hence its products are also increased. Urinary 
bilirubin is absent because the excess bilirubin which collects 
in the blood is that which the liver has not been able to process. 

1Reason out in your mind and complete the table in the book itself before looking at the answer below.

This bilirubin, being in combination with albumin, cannot be 
fi ltered in the kidneys. That is also the reason why van den 
Bergh test is indirect positive. Liver function tests are normal 
because the basic abnormality is not in the liver.
 In hepatic jaundice, intrahepatic obstruction reduces the 
amount of bilirubin reaching the intestines. Hence faecal 
stercobilinogen and urinary urobilinogen are decreased. 
Intrahepatic obstruction also leads to regurgitation of some 
bilirubin glucuronide into the bloodstream leading to appear-
ance of bilirubin in the urine. Since impairment of liver 
function is the basic abnormality, conjugation with glucuro-
nide may be below normal, leading to a backlog of bilirubin-
albumin complex in the blood. Since blood has both forms of 
bilirubin (conjugated and unconjugated), van den Bergh test 
may be biphasic.
 In obstrutive jaundice, if the obstruction of the biliary tract 
is complete, no bilirubin reaches the intestine. Hence faecal 
stercobilinogen is absent (leading to clay coloured stools) and 
urinary urobilinogen is also absent. The bilirubin that is conju-
gated by liver cells is regurgitated back into the bloodstream 
and fi ltered by the kidneys, leading to appearance of urinary 
bilirubin and a deep yellow coloured urine. Since most of the 
excess bilirubin in blood is conjugated, van den Bergh test 
is direct positive. Obstruction of biliary tract for a long time 
eventually leads to impairment of hepatic function. Hence liver 
function tests may also show some abnormality.
 (These explanations are very brief. For more elaborate 
explanations, see the text).
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2.5
Pathophysiology of 

Anaemias

Anaemia (a, not; haima, blood) is a misnomer because without 
blood, life is not possible. What we actually mean by anaemia 
is a reduction in the concentration of haemo-globin in blood. 
In practice, when the blood haemoglobin is low, the red cell 
count and packed cell volume (PCV) are also generally low. 
Reduction in haemoglobin level reduces the oxygen carrying 
capacity of blood. In a normal person at rest, only about 25% 
of the oxygen carried by arterial blood is extracted by the tis-
sues, leaving an enormous reserve for exercise. Therefore, the 
metabolic needs at rest can be met satisfactorily even in an 
anaemic individual. But when the anaemic person takes exer-
cise, the poor oxygen content of blood becomes a handicap. 
The person’s cardiorespiratory refl exes try to compensate for 
the oxygen lack by increasing the respiratory rate and depth, 
and the rate and force of contraction of the heart. Therefore, 
the anaemic person feels breathless and gets palpitation during 
exercise. His exercise tolerance is also reduced; he gets tired 
quickly, and cannot undertake very heavy exercise.
 Anaemia may be due to various causes. Some clue to the 
cause of anaemia may be obtained from simple investigations 
such as peripheral smear, packed cell volume, RBC count, and 
the haemoglobin level. The most valuable investigation of these 
is the peripheral smear. These simple investigations are enough 
to make sure whether the person is anaemic; to calculate the 
MCV so that we know whether the red cells are normal in size 
(normocytic), small (microcytic) or large (macrocytic); and 
to calculate the MCHC so that we know whether the haemo-
globin concentration in red cells is normal (normochromic) or 
below normal (hypochromic). These variables are affected in 
a characteristic manner in different types of anaemia.

AETIOLOGICAL CLASSIFICATION OF ANAEMIA
The aetiology (aitia, cause; logos, discourse) of a disease is its 
underlying cause. Hence aetiological classifi cation of anaemia 
groups different types of anaemia based on their cause. It is 
quite logical that red cell population may be reduced if their 
rate of production is reduced, or if their rate of destruction is 
increased, or if there are abnormal losses of blood.

I. Decreased Production of RBC
This basic defect may be due to one out of several causes.

1. Defi cient Supply of Essential Nutrients
There are nutrients which serve as raw materials for synthe-
sis of haemoglobin, or those which function as cofactors in 
haemoglobin synthesis or maturation of precursors of erythro-
cytes. Defi ciency of any of these nutrients gives rise to anae-
mia. Important examples of this category are the anaemias due 
to defi ciency of iron, folic acid, or vitamin B12.

2. Inactivity of the Bone Marrow
Production of RBC may be reduced if there is a ‘strike’ in 
the factory where they are produced. This type of anaemia is 
generally called aplastic (a, not; plassein, to form) anaemia, 
but it would be more accurate to call it hypoplastic anaemia. 
Hypoplasia of the marrow may be due to irradiation or antican-
cer drugs, or due to some unknown factor.

3. Chronic Renal Disease
Chronic renal disease is often associated with anaemia possibly 
because kidneys are the major source of erythropoietin.

4. Chronic Infl ammatory Disease
Any chronic infl ammatory disease may also be asso-ciated 
with anaemia due to ill-understood factors which depress 
erythropoiesis.

5. Hypothyroidism
Hypothyroidism is associated with anaemia possibly because 
of the reduced metabolic activity in the bone marrow.

6. Infi ltration of Bone Marrow
Production of red cells may be impaired because there is insuf-
fi cient space in the bone marrow for erythropoiesis. The space 
may be crowded out by expansion of precursors of the granu-
locytic series (as in leukemia), or by a large number of tumor 
cells which might have travelled from any site in the body. 
The process of systemic spread of tumor cells in this fashion is 
called metastasis.

II. Increased Destruction of RBC
It may be quite logically deduced that increased rate of destruc-
tion of RBC may be due to one out of two basic defects. Either 
there may be some defect within the RBC which makes them 
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liable to premature destruction, or there may be some defect 
outside the RBC which is responsible for their excessive 
destruction. The defect outside the RBC may be in the imme-
diate environment of the RBC (i.e. the plasma), or it may be 
hyperactivity of the normal destructive mechanisms (e.g. an 
overactive spleen).

1. Corpuscular Defect
Here a defect inherent in the structure or function of RBC may 
make them more vulnerable to normal destructive mechanisms.
 For example, haemoglobin in the RBC may differ in struc-
ture from normal haemoglobin. In sickle cell anaemia, the 
haemoglobin in RBC is HbS, which differs from normal hae-
moglobin only in having valine instead of glutamic acid in the 
sixth position of the beta chain. This small change alters the 
properties of the molecule such that it tends to form insolu-
ble polymers. Polymerization of the haemoglobin molecule 
leads to a sickle-shaped deformity of the red cells, specially 
when deoxygenated. Repeated sickling possibly also damages 
the red cell membrane. The abnormal shape and membrane 
damage make the red cells prone to intravascular haemolysis 
and also more susceptible to phagocytosis by macrophages. 
In thalassemias, RBC contain an abnormal variant of haemo-
globin which, in some cases, is fetal haemoglobin (HbF). In 
some cases, there is impaired or defi cient synthesis of specifi c 
globin chains. In the absence of complementary globin chains, 
the normal chains precipitate in the red cells, damage the cell 
membrane, and lead to premature cell death.
 In spherocytosis, the RBC membrane is excessively per-
meable to sodium, possibly due to a defect in membrane pro-
teins. As a result, RBC assume a biconvex shape. Hence they 
are more prone to haemolysis when exposed to a hypotonic 
solution, and also more likely to be destroyed when passing 
through narrow spaces.
 In G6PD defi ciency anaemia, RBC are defi cient in the 
enzyme glucose-6-phosphate dehydrogenase (G6PD). This 
enzyme is required in the pentose phosphate pathway during 
which NADPH is generated. NADPH is required, in turn, to 
maintain glutathione in the reduced state. In the absence of an 
adequate concentration of reduced glutathione, the RBC mem-
brane is more prone to peroxidation damage. That is why RBC 
are more prone to haemolysis. In the milder varieties of G6PD 
defi ciency, the disease becomes apparent only when the patient 
is given a drug which stresses the antioxidant mechanisms of 
the body. Important drugs in this category are sulphonamide 
and antimalarials.

2. Extracorpuscular Defect
If normal RBC are exposed to an abnormal environment, they 
may die a premature death. The environment may be abnor-
mal due to the presence of some anti-RBC antibodies, drugs or 
snake venoms in the plasma.
 A category of anti-RBC antibodies, called incomplete anti-
bodies, may be detected by Coombs’ test. These antibodies 
are incomplete in that they do not by themselves bring about 
agglutination (clumping) of RBC. But if antibodies to these 
antibodies are available, agglutination takes place. In order to 
procure antibodies to human antibodies, human globulins are 

injected into a rabbit. After a few weeks, the rabbit serum con-
tains anti-human globulins. When this rabbit serum is brought 
in contact with patient’s washed RBC, agglutination takes 
place if the patient’s RBC are coated with incomplete anti-RBC 
antibodies which cannot be washed away (Fig. 2.5.1). This is 
called the direct Coombs’ test. However, if the antibodies are 
of the type that get washed away, some normal human RBC 
may be exposed to the patient’s serum. As a result, the normal 
RBC get coated with the patient’s incomplete antibodies. Now 
if these RBC are exposed to rabbit serum containing antihuman 
globulin, the RBC are agglutinated. This is called the indirect 
Coombs’ test.
 Alternatively, haemolytic anaemia may be due to an over-
active spleen which destroys RBC at a faster rate than normal. 
The condition is known as hypersplenism and may be treated 
by surgical removal of spleen (splenectomy).

III. Abnormal Loss of Blood
An acute injury associated with massive bleeding leads to a 
short-lasting reversible anaemia which, by itself, does not 
cause much concern. The situations in which anaemia forms a 
dominant part of the clinical picture are those associated with 
chronic blood loss. A few common examples are heavy loss of 
blood during menstrual cycles, and intestinal blood loss due to 
either piles or hookworm infestation.
 The etiological classifi cation of anaemia has been summa-
rized in Table 2.5.1. A few anaemias, selected on the basis of 
their high prevalence or academic importance have been dis-
cussed on the next few pages.

IRON DEFICIENCY ANAEMIA
Iron defi ciency anaemia may be due to inadequate dietary 
intake of iron, poor intestinal absorption of iron, abnormal 
loss of iron from the body (which is generally due to abnormal 
blood loss), or heavy requirements of iron (as during childhood 
or pregnancy).

Fig. 2.5.1: Direct and indirect Coombs’ test.
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 Iron is a component of haemoglobin. Therefore haemo-
globin synthesis is impaired in iron defi ciency. Hence the RBC 
are small in size, and even for their small size contain less hae-
moglobin. That is, iron defi ciency anaemia is microcytic and 
hypochromic in character.
 Treatment of iron defi ciency anaemia should aim at treat-
ing the underlying cause. For example, if the patient has hook-
worm infestation or heavy menstrual blood loss these should 
be appropriately treated. In addition, iron may be given in the 
form of tablets. Ferrous sulphate is nearly as good as and much 
less expensive than some other forms. Since absorption of any 
form of iron is poor, and is partly determined by iron require-
ments, very high doses of therapeutic iron should be avoided. 
The unabsorbed iron is lost in the faeces, and if the quantity 
lost is very high, it is likely to produce gastrointestinal distur-
bances. There is rarely a situation where more than 50 mg iron 
per day would do much good.
 For a discussion on iron absorption, see Chapter 6.7, and 
for the nutritional aspects of iron, see Chapter 7.7.

FOLIC ACID AND VITAMIN B12 DEFICIENCY 
ANAEMIAS

Folic acid and vitamin B12 are both members of the group 
known as vitamin B complex, and their metabolic roles are 
interrelated. Therefore a defi ciency of either vitamin gives 
rise to a similar anaemia. In both anaemias, there is matura-
tion arrest during erythropoiesis. Therefore the precursors of 
erythrocytes keep growing in size but neither divide nor dif-
ferentiate properly. The resulting cells are large, immature and 
poorly differentiated, and are known as megaloblasts. That is 
why folate and vitamin B12 defi ciency anaemias are known 

as megaloblastic anaemias. Out of the two, vitamin B12 defi -
ciency anaemia is more dangerous, and is therefore known as 
pernicious anaemia.

Metabolic Role of Folate and Vitamin B12

Some of the metabolic functions of folate and vitamin B12 are 
interrelated (Fig. 2.5.2). They are both required for conversion 
of deoxyuridylate into thymidylate. This reaction is vital for 
DNA synthesis, which in turn is specially important for rapidly 
dividing cells. The vitamin directly required for this reaction 
is folate in the form of 5, 10-methylene THFA (tetrahydrofolic 
acid). However, in order to keep up the supply of 5, 10-meth-
ylene THFA, an adequate supply of vitamin B12 is also impor-
tant because vitamin B12 can regenerate THFA from 5, methyl 
THFA. In vitamin B12 defi ciency, the body responds through 
a chemical feedback mechanism by diverting metabolic reac-
tions towards formation of more 5, methyl THFA. This helps 
preserve essential methylation reactions at the expense of DNA 
synthesis. As a part of the diversion process, methylenetet-
rahydrofolate reductase activity increases, thereby reducing 
the availability of 5, 10-methylene THFA. Simultaneously, 
because of vitamin B12 defi ciency, 5, methyl THFA is not suf-
fi ciently used for methylation of vitamin B12. Thus 5, methyl 
THFA accumulates, trapping available folate in this form. The 
situation has been called methylfolate trap. As can be seen, die-
tary folate can temporarily overcome this trap by leading to the 
synthesis of 5, 10-methylene THFA. However, folate will not 

Table 2.5.1: Aetiological classifi cation of anaemia

I. DECREASED PRODUCTION OF RBC
 1. Defi cient supply of essential nutrients

 (a) Iron defi ciency anaemia (b) Folic acid defi ciency anaemia 
(c) Vitamin B12 defi ciency anaemia (Pernicious anaemia)

 2. Inactivity of the bone marrow: Hypoplastic anaemia
 (a) Irradiation (b) Anticancer drugs (c) Cause unknown
 3. Chronic renal disease
 4. Chronic infl ammatory disease
 5. Hypothyroidism
 6. Infi ltration of bone marrow
II. INCREASED DESTRUCTION OF RBC
 1. Corpuscular defect

 (a) Sickle cell anaemia (b) Thalassemias
 (c) Spherocytosis (d) G6PD defi ciency anaemia
 2. Extracorpuscular defect

 (a) Antibodies (b) Drugs
 (c) Haemolysins in  (d) Hypersplenism
  snake venoms
III. ABNORMAL LOSS OF BLOOD
 1. Acute loss
 2. Chronic loss

 (a) Heavy menstrual loss (b) Piles
 (c) Hookworm infestation

Fig. 2.5.2: Some metabolic interactions between folate and vitamin 
B12. (1), thymidylate is required for DNA synthesis; (2), 5, methyl THFA 
accumulates in vitamin B12 defi ciency (methylfolate trap); (3), dietary 
folate can circumvent methylfolate trap by forming THFA, which can 
be converted into 5, 10-methylene THFA.
 Note that conversion of THFA into 5,10-methylene THFA requires 
vitamin B6, thereby bringing yet another B vitamin into the picture.
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Castle’s classical experiments

When William B. Castle, a young resident physician, age 
30, was working with Dr. Francis Peabody, Director of the 
Thorndike Memorial Laboratory of the Boston City Hospital 
in 1927, the following facts were known:
1. Patients having pernicious anaemia show gastric atrophy 

and achlorhydra (absence of hydrochloric acid in the 
stomach).

2. Pernicious anaemia may follow gastrectomy (surgical 
removal of the stomach).

3. George Minot and William Murphy had just reported 
in 1926 that pernicious anemia could be cured if the 
patient’s diet included half a pound (about 240 g) of beef 
liver everyday.

 On the basis of these facts, Castle asked the following 
questions:
1. How can a normal person keep pernicious anemia away 

without taking half a pound of beef liver every day?
2. Can some normal digestive process of the healthy stom-

ach substitute for half a pound of liver?
 The excellent formulation of questions was the fi rst step 
towards the success of Castle’s experiment. In an attempt 
to answer these questions, Castle designed and performed a 
series of dietary experiments on patients of pernicious anae-
mia. The experiments involved feeding the patient a speci-
fi ed item (besides his normal diet) every day for 10 days 
continuously. What he did and what he found is summarized 
in the table below:

 Dietary Supplement Observation

1. Beef muscle (200 g) No improvement
2. Normal gastric juice No improvement
3. Beef muscle which had stayed in the Improvement
 stomach of a normal person for 1 h 
4. Beef muscle which had been incubated Improvement
 in normal gastric juice 
5. Beef muscle and normal gastric juice Improvement
 together (without incubation) 
6. Beef muscle after complete in vitro No improvement
 digestion with pepsin 

 Try to put yourself in Castle’s position. Assuming that 
you know only what Castle knew in 1927, try to think what 
conclusions may be drawn from these experiments. Put 
your conclusions down on a piece of paper before reading 
any further.
 The conclusions that may be drawn from Castle’s classi-
cal experiments are:

 1. Some interaction between beef muscle and normal 
gastric juice is essential for improvement.
 2. The patient’s gastric juice is not normal.
 3. Digestion of beef muscle protein by pepsin is not suf-
fi cient for improvement.
On the basis of these conclusions, Castle proposed the fol-
lowing hypotheses:
1. Pernicious anaemia is due to the dietary defi ciency of 

some substance present in beef muscle. Since this sub-
stance has to be supplied to the body from outside, 
Castle called it the extrinsic factor.

2. The extrinsic factor was effective only after interaction 
with some component of normal gastric juice. Since the 
component is available within the body, Castle called it 
the intrinsic factor.

 Besides proper formulation of questions and Castle’s 
hardwork and analytic attitude, other factors which contrib-
uted to his success were:
1. The fact that reticulocyte count is an early and sensi-

tive indicator of improvement in an anaemic patient was 
already known. Knowing this indicator reduced the dura-
tion of experiments since the reticulocyte count goes up 
sharply on the 6th day of appropriate treatment. Further, 
the sharpness of the rise in reticulocyte count made the 
assessment of improvement of the patient more reliable. 
Availability of a suitable technique is a marvellous aid to 
discovery. In many cases, one can even say that a discov-
ery has to wait till a suitable technique is available.

2. Castle used beef muscle instead of beef liver in his experi-
ments. He used it because Minot and Murphy had attrib-
uted success of liver therapy to liver proteins. Castle 
thought muscle proteins are not very different from liver 
proteins (which is quite right), and therefore chose to 
use muscle instead of liver in his experiments. However, 
the vitamin B12 content of muscle is much poorer than 
that of liver. Therefore, if Castle had used 200 g liver, 
the patients would have improved on liver alone (as in 
Minot and Murphy’s experiments) as well as on liver plus 
normal gastric juice. That would have made the experi-
ments more diffi cult to interpret.1 Thus Castle’s decision 
to use muscle instead of liver turned out to be an unfore-
seen happy departure.

3. The concept of dietary defi ciency of nutrients required in 
minute quantities had already been established for about 
a quarter century. The right atmosphere can be quite 
crucial for right interpretation of observations.2

1 The experiments could have become more informative if Castle would have chosen to reduce the quantity of liver. 5 g liver would be ineffective alone 
but would cure pernicious anaemia if fed with normal gastric juice.
2 It is interesting that when Eijkman discovered in 1897 that a polished rice diet was the cause of beriberi, and that the condition could be cured by feed-
ing unpolished rice, he interpreted it as follows: rice husk contains an antidote to a nerve poison produced in the intestine by a starchy diet. Those were 
the days dominated by many rapid discoveries of bacteria and toxins as the cause of disease, and no vitamin had yet been discovered. Hence it was 
natural for Eijkman to arrive at an interpretation which today looks much more complex than the dietary defi ciency explanation. Thus the thinking of 
scientists, like that of other human beings, is also coloured by the era in which they live.
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 After the identifi cation of vitamin B12 in 1948, Castle’s 
associates repeated the experiments with the vitamin. Once 
again, the results were the same. Small doses of vitamin B12 
alone, or normal gastric juice alone, were ineffective. But 
vitamin B12 and gastric juice together resulted in marked 
improvement in patients of pernicious anaemia.
 The question still remained as to what the nature of the 
interaction between vitamin B12 and intrinsic factor was. 
After struggling with several possibilities, intensive work 
by several scientists has revealed that intrinsic factor is 
required for absorption of vitamin B12 in the distal ileum. 
The next question is why the stomach undergoes atrophy in 
patients of pernicious anemia. The disease is now believed 
to be autoimmune in nature. Work is still going on to fi nd 
out whether the different type of antibodies seen in per-
nicious anaemia are the cause or the effect of the disease. 
There is a possibility that a viral infection might trigger the 
autoimmune process. All these are questions which future 
work might answer.

be able to substitute for those functions of vitamin B12 which 
do not involve an interaction with folate. One such function is 
conversion of methylmalonyl CoA to succinyl CoA. The others 
are conversion of homocystein to methionine, and of methio-
nine to adenosylmethionine. Impairment of some of these con-
versions may be responsible for the neurological lesions of per-
nicious anaemia.

Clinical and Laboratory Features
Folic acid defi ciency is usually dietary in origin and occurs 
most commonly in pregnant women due to enhanced 
demands. It results in macrocytic, megaloblastic, normochro-
mic anaemia.
 Vitamin B12 defi ciency is rarely dietary in origin. It is usu-
ally the result of poor intestinal absorption of vitamin B12. 
Absorption of vitamin B12 requires a glycoprotein manufac-
tured by the parietal cells of the stomach. The protein is known 
as intrinsic factor and forms a complex with vitamin B12. 
Specialized receptors for this complex occur in the mucosa 
of the terminal ileum where vitamin B12 gets absorbed. If the 
stomach has been surgically removed, or if there is gastric atro-
phy, intrinsic factor is not available and hence absorption of 
vitamin B12 is impaired. Since parietal cells manufacture not 
only intrinsic factor but also hydrochloric acid, intrinsic factor 
defi ciency is associated with achlorhydria. The type of anaemia 
seen in vitamin B12 defi ciency is also macrocytic, megaloblas-
tic and normochromic.
 Anemia of any type stimulates erythropoietin production. 
Therefore the relative area of bone marrow dedicated to the 
erythroid series of cells expands, the absolute extent of bone 
marrow involved in haemopoiesis expands and even extramed-
ullary sites such as liver and spleen may start manufactur-
ing blood cells. But in folate and vitamin B12 defi ciency, the 
maturation of blood cells is arrested. Hence there is prepon-
derance of immature cells, which seem to be somewhat reluc-
tantly released into the peripheral circulation. Thus the marrow 
shows much activity without achievement. The marrow is 

overactive but underproductive. The peripheral blood has a low 
RBC count. A large fractions of these RBC are large and imma-
ture (megaloblasts), and the remaining are neither uniform in 
size (anisocytosis) nor in appearance (poikilocytosis).
 In vitamin B12 defi ciency, besides anaemia there is also 
neural involvement. The severity of neural lesions is not related 
to the severity of anaemia. Neural lesions predominantly 
involve nerve fi bers in dorsal and lateral columns of the spinal 
cord. In addition, nerve fi bers in cerebral cortex and peripheral 
nerves may also be affected. Since multiple nerve pathways are 
involved, the complex is called subacute combined degenera-
tion or combined system disease.
 Since folate can correct only some of the metabolic abnor-
malities of vitamin B12 defi ciency, it is important to distinguish 
between folate defi ciency and vitamin B12 defi ciency. Besides 
the patient’s history and clinical features, the following labora-
tory tests help distinguish between the two defi ciencies:

1. Serum Levels
Serum folate level is rather labile, and therefore unreliable as 
an indicator of folate nutriture. Folate concentration of RBC is 
a somewhat better indicator.
 Serum B12 is low in vitamin B12 defi ciency, but may be low 
also in folate defi ciency. The test may be repeated after admin-
istration of folate. If folate does not correct the low serum B12 
level, it indicates a genuine B12 defi ciency. If folate brings the 
serum B12 level to normal, the defi ciency was possibly that of 
folate.

2. Urinary Metabolites
If a vitamin is deficient, the substrates of the reactions in 
which the vitamin acts as a cofactor accumulate. Accumulation 
of some of the substrates may be refl ected in their increased 
urinary excretion. Based on this principle, B12 deficiency 
may be assessed from methylmalonate excretion, and 
folate deficiency from formiminoglutamic acid (FIGLU) 
excretion.
a. Methylmalonate excretion
 Vitamin B12 acts as a cofactor in the reaction

 Methylmalonyl CoA  Succinyl CoA

 Hence urinary methylmalonate excretion is increased in 
vitamin B12 defi ciency.

b. FIGLU excretion
 Folate acts as a cofactor in the reaction.

 Histidine  FIGLU  Glutamic acid
 Hence urinary FIGLU excretion is increased in folate 

defi ciency.

3. Deoxiuridine Suppression Test
If tritiated thymidine is added to cultured bone marrow cells, it 
gets incorporated into DNA (control). However, if we fi rst add 
deoxiuridine (dU) and then tritiated thymidine, the dividing 
cells convert dU into thymidine and use it for DNA synthesis. 
Therefore they do not have much use for tritiated thymidine. 
Hence tritiated thymidine incorporation in this case is less than 
10% of that in control. This is the degree of dU suppression if 
the bone marrow cells are from a normal person.
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 Since conversion of dU into the thymidine requires
5, 10-methylene THFA, the conversion is impaired in folate 
as well as B12 defi ciency. Therefore in case of either defi -
ciency, incorporation of tritiated thymidine into DNA is not as 
much suppressed as in normal individuals. Addition of folate 
to the culture medium restores the normal degree of suppres-
sion in either defi ciency because it can overcome the methyl-
folate trap even in B12 defi -ciency. But addition of B12 to the 
culture medium restores normal dU suppression only in B12 
defi ciency.

4. Vitamin B12 Absorption Test (Schilling’s Test)
This test has been discussed in Chapter 6.11.

Treatment of Folate Defi ciency Anaemia
It would be ideal to prevent folate defi ciency by incorporating 
enough of green leafy vegetables in the diet. But if defi ciency 
does occur, it can be speedily corrected by using folic acid tab-
lets. As the metabolic role of folic acid and vitamin B12 shows, 
folic acid defi ciency will not respond to administration of vita-
min B12.

Treatment of Vitamin B12 Defi ciency Anaemia
If vitamin B12 deficiency is due to intrinsic factor defi-
ciency, which is usually the case, it cannot be treated by 
oral administration of vitamin B12. It is, however, very 
conveniently treated by intramuscular injections of vitamin 
B12. Since vitamin B12 can be stored in the liver, one injec-
tion of a large dose can supply several months’ supply of the 
vitamin.

 However, it is important not to treat vitamin B12 defi ciency 
anaemia with folate. Dietary folate can temporarily overcome 
the effects of methylfolate trap, and thereby improve the anae-
mia. But folate cannot perform the role of vitamin B12 in the 
nervous system. Therefore if vitamin B12 defi ciency is treated 
with folate, there is a deceptive improvement in anaemia while 
the neural lesions continue to progress.
 Fortunately pernicious anaemia is not very common, and is 
rarer in India than in some western countries. But folate defi -
ciency is quite common in India, specially among pregnant 
women. But still we have discussed pernicious anaemia also 
in considerable detail because of its academic importance: we 
know quite a lot about it, and the history of the discovery of 
intrinsic factor is very interesting and instructive.

QUESTIONS AND PROBLEMS
1. How can half a pound of liver per day cure pernicious anae-

mia even without intrinsic factor.

ANSWERS AND SOLUTIONS
1. Vitamin B12 is absorbed in the intestine by two mecha-

nisms. One is an effi cient and specifi c receptor-mediated 
mechanism which needs intrinsic factor. The other is the 
nonspecifi c mechanism of diffusion which is very ineffi -
cient but does not need intrinsic factor. Half a pound of beef 
liver contains about 250 micrograms of vitamin B12. From 
this intake, the daily requirement of 1 microgram can be 
absorbed even by the passive process of diffusion.
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2.6
The White Blood Cells

The white blood cells (WBC), or leukocytes (leukos, white; 
kytos, cell) are the soldiers which defend the body against 
harmful microorganisms and other injurious agents. In this 
chapter we shall talk primarily about the char acteristics and 
origin of these cells, and in the next two about the processes 
involved in defending the body.

TYPES OF WBC
White blood cells are classifi ed in terms of their microscopic 
appearance (Table 2.6.1). The total leukocyte count (TLC) in 
health is about 4,000-11,000 per cu mm of blood. Of this neu-
trophils form 50-70%, lymphocytes 20-40%, monocytes 2-8%, 
eosinophils 1-4% and basophils 0-1%. The count expressed in 
terms of percentage of different types of WBC is called differ-
ential leukocyte count (DLC).

NEUTROPHILS
Neutrophils (neuter, neither; philein, to love) are the most 
numerous among leukocytes. They have fi ne dust like particles 
in the cytoplasm which stain purplish with the ordinary hae-
matoxylin-eosin stains. The nucleus has multiple lobes (Plate 
2A). The number of lobes increases with the age of neutrophil. 
The lifespan of a neutrophil, like that of a soldier, is somewhat 
unpredictable. The average stay of a neutrophil in blood is 
around 7 hours, but it may spend 4-5 days in tissues.

Development
Neutrophils are formed in the bone marrow from the totipo-
tent haemopoietic stem cell (THSC). As a result of progressive 
proliferation and differentiation some THSC get committed 
to form a granulocyte. The earliest cell with such a commit-
ment is called a myeloblast (Plate 3A). At this stage it is still 
not possible to say what type of granulocyte it will form. The 
myeloblast under goes further proliferation and differentiation. 
Differen tiation is characterized by progressive inden tation and 
fi nally lobulation of the nucleus, appearance of fi rst non-spe-
cifi c primary granules and then the secondary granules charac-
teristic of neutrophils, and appearance of ameboid movement. 
The names and distinguishing features of some well-recog-
nized milestones of develop ment are given in Table 2.6.2.

Table 2.6.1: The white blood cells

 Cell types Characteristic features

 I. Granulocytes Cytoplasm has granules
   Nucleus is lobed
 1. Neutrophils Granules neutrophilic
 2. Eosinophils Granules eosinophilic
 3. Basophils Granules basophilic

 II. Agranulocytes Cytoplasm has no granules
 1. Monocytes Kidney-shaped nucleus
 2. Lymphocytes Large nucleus

Table 2.6.2: Development of granulocytes

Stage Characteristics

Myeloblast Large nucleus, 2-5 nucleoli, no granules 
in cytoplasm, capable of cell   
division, absent or poor motility

Promyelocyte Primary granules in cytoplasm
(Myelocyte A)
Myelocyte Nucleus may be fl attened on one
(Myelocyte B) side, primary and secondary granules  

 in cytoplasm
Metamyelocyte Nucleus indented, nucleoli absent
(Myelocyte C) more secondary granules and fewer  

 primary granules in cytoplasm,  
 capacity for mitosis lost, ameboid  
 movements appear

Band cell Nucleus deeply indented so that
(Juvenile granulocyte) it resembles a hair band
Mature granulocyte Lobed nucleus

Kinetics
The neutrophil pool in blood, tissues and bone marrow forms 
one continuum. The precursor cells in the bone marrow may 
be considered to represent a stem cell compartment, a mitotic 
compartment, and a maturation-storage compartment. The 
relative numbers in each compartment can shift depending on 
the rate of destruction of neutrophils in the tissues. Further, the 
neutrophils in blood are also divided into two compart ments; 
the circulating granulocyte pool (CGP) and marginal granu-
locyte pool (MGP). The MGP cells are thought to be present 
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along the walls of small blood vessels, primarily postcapillary 
venules. The importance of MGP cells lies in that they can be 
released into the circulation for subsequent migration into tis-
sues at very short notice. The size of CGP and MGP is approx-
imately equal. A large number of cells are released from the 
MGP into the CGP by exercise or an injection of adrenaline. A 
further continuing stimulus for release of more neutro phils acts 
on the bone marrow, which releases mature neutrophils as well 
as the slightly immature band forms. Presence of band forms 
in the peripheral circulation is defi nite evidence for accelerated 
granulopoietic activity in the bone marrow.

Regulation of Granulopoiesis
Neutrophils are the most numerous among granulocytes. 
Therefore granulopoiesis generally refers to the formation of 
neutrophils, unless specifi ed otherwise. Moreover, most of 
the known factors which regulate the production of different 
granulocytes are the same, and indeed have a lot in common 
with regulation of other types of blood cells as well. A lot 
has been learnt about the mechanisms which regulate haemo-
poiesis during the last two decades. But there are still many 
unanswered questions and contro versies. One thing is certain, 
however, that haemopoiesis has to be a fi nely regulated process 
because the number of blood cells in circulation is remarkably 
cons tant in spite of continual production and destruction, and 
the number of specifi c cell types changes promptly in response 
to appropriate physiological or pathological stimuli.
 The involvement of humoral factors in regulation of granu-
lopoiesis had been shown in early experiments wherein it was 
found that serum of rats, rendered neutropenic by endotoxin, 
could stimulate neutrophilia in normal rats. Now a wide vari-
ety of humoral factors, belonging to the general category of 
growth factors, are known to regulate haemopoiesis. These fac-
tors infl uence the mitotic behavior of precursor cells by cell-to-
cell interaction using receptors on the cell surface as mediators. 
Growth factors affecting haemopoiesis act at multiple levels. 
Some act on the totipotent stem cell, some on the committed 
stem cells, and some on the relatively mature precursor cells. 
Those factors which act at later stages tend to be more specifi c 
for a particular cell type, and infl uence not only the production 
of white blood cells, but also the effi cacy of their action.
 With this general background, we shall now discuss the 
relatively better established growth factors which affect 
granulopoiesis.

1. Interleukin-1
Interleukin-1 (IL-1) is produced by macrophages. It acts on 
relatively early progenitor cells to stimulate their proliferation, 
and also enhances the effector function of all types of leuko-
cytes. Since macrophages are activated at sites of injury or 
infection, production of IL-1 seems to act as a general signal 
for intercellular dialogue which speaks in a language which 
a wide variety of cells understand. Thus the message about 
the infl ammatory response is spread far and wide. The cells 
which respond to IL-1 produce other growth factors which 

are relatively more specifi c in their actions. Also, IL-1 directly 
releases mature neutrophils from the bone marrow and stimu-
lates cytotoxic effects of macrophages themselves.

2. Tumour Necrosis Factor
Tumour necrosis factor (TNF) is so named because its fi rst 
effect to be discovered was its inhibitory effect on certain 
tumour cells. TNF is also produced by macro phages and now 
its other effects are known to be similar to those of IL-1. In 
general one might say that some soluble products released 
by macrophages (e.g. IL-1 and TNF) stimulate haemopoietic 
activity through release of factors discussed below.

3. Granulocyte-Macrophage Colony Stimulating 
Factor (GM-CSF)

Stem cells obtained from the bone marrow are capable of 
giving rise to countable colonies of daughter cells in the spleen 
or in culture plates. Growth factors were initially identifi ed 
on the basis of their ability to increase the number of colo-
nies so formed. That is why these factors were named colony 
stimulating factors. GM-CSF is formed by fi broblasts, vascu-
lar endothelial cells, and T lymphocytes. These cells release 
GM-CSF under the infl uence of IL-1 or TNF. As the name 
suggests, GM-CSF stimulates the proliferation of committed 
cells which are on their way to form granulocytes or macro-
phages. Now it has been found that GM-CSF also stimulates 
pro liferation of the precursors of eosinophils, macropages, 
megakaryocytes, and erythrocytes. In addition, GM-CSF also 
acts on mature neutrophils, eosinophils and macrophages to 
enhance their effector responses.

4. Interleukin-3 (IL-3) or Multi-CSF
IL-3 is produced by T lymphocytes under the stimulatory infl u-
ence of IL-1. IL-3 stimulates the proliferation of precursors of 
neutrophils, eosinophils, basophils, mast cells, T lymphocytes, 
macrophages, megakaryocytes and erythrocytes. In addition, 
IL-3 also stimulates the effector responses of mature eosi-
nophils and T lymphocytes.

5. Granulocyte-Colony Stimulating Factor (G-CSF)
G-CSF is produced by monocytes, fi broblasts and endothe-
lial cells under the stimulatory infl uence of IL-1. As the name 
suggests, the action of G-CSF is more speci fi c. It stimulates 
the proliferation of precursor cells of only granulocytes, and 
enhances the effector response also of only the mature granulo-
cytes. Enhancement of effector response means stimulation of 
the neutrophils’ phagocytic ability and their ability to produce 
cytotoxic free radicals such as superoxide.

6. Macrophage-Colony Stimulating Factor
(M-CSF) or CSF-1

M-CSF is produced by macrophages, fi broblasts and endothe-
lial cells. As the name suggests, M-CSF speci fi cally stimulates 
the proliferation of precursors of macrophages. It also enhances 
the effector response of mature macrophages.1

1 Erythropoietin is also now considered a specifi c growth factor like G-CSF and M-CSF. It stimulates the proliferation of erythrocyte precursors after the 
still more immature precursors have been stimulated by GM-CSF and IL-3.
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7. Inhibitory Factors
All the factors considered so far stimulate hemopoiesis. 
Hemopoiesis may be inhibited by a decrease in the level of 
stimulatory growth factors. But in view of the general expe-
rience in biology, it would be surprising if there were no 
substance(s) which could actively inhibit haemo poiesis. 
Several such substances have been reported from time to time 
but we do not understand them as well as the growth factors. 
Tissue-specifi c, locally produced inhibitors of cell proliferation 
are known as chalones. A granulocytic chalone is produced by 
mature as well as immature granulocytes. It inhibits DNA syn-
thesis in granulocyte precursor cells, and thereby reduces the 
number of mitoses these cells undergo before differen tiating to 
the next stage. Skipping one mitosis can reduce the output of a 
set of precursor cells by half. The effect of chalones is revers-
ible, thereby showing that it is a specifi c biologic effect, not a 
cytotoxic effect which damages the cells. Chemically, some of 
the inhibitory factors are either small peptides or iron storage 
proteins.
 The above scheme of regulation of haemopoiesis leads to 
the broad generalization that proliferation of stem cells and 
the most immature committed cells is stimulated by one set of 
growth factors. These growth factors also lead to the release of 
more specifi c growth factors which act on better differentiated 
precursors and promote the production of one type of blood 
cell, thereby accounting for the selective increase in one type 
of blood cell in specifi c situations. What determines which spe-
cifi c growth factor will be released in a particular situation is 
still not known.

Functions of Neutrophils
Neutrophils migrate from the blood vessels into tissues under 
a chemotactic infl uence whenever there is an injury or infec-
tion. Once a neutrophil enters the tissues, it does not return to 
the bloodstream. In the tissues, the principal weapon of neu-
trophils is phagocytosis. Phagocytosis involves ingestion of 
microorganisms or particles by ameboid movements, and then 
intracellular digestion of the ingested material. The digestion is 
carried out by hydrolytic enzymes present in neutrophil gran-
ules. Besides carrying out intracellular digestion, neutrophil 
granules are also discharged extracellularly. Extracellular 
release of granule contents leads to the infl ammatory response 
directly, and also indirectly by activation of the complement 
system.
 Neutrophils seem to be specially important for preven ting 
infections of the skin and mucosal surfaces. Neutrophils keep 
migrating from blood into these tissues on a continual basis, 
and prevent infectious micro organisms from getting a foothold.

Variations
Neutrophil count is increased in infections (specially by gram 
positive pyogenic bacteria) and in infl ammatory responses to 
even non-infectious agents. Immature neutro phils may appear 
in the blood in large numbers in some leukaemias. Neutrophil 
count increases following administration of glucocorti-
coids because of reduced migration out of the bloodstream. 
Neutrophil count also increases following tissue destruction, 
as in burns or myocardial infarction, or following acute stress, 
e.g. surgery, labour, cold or heat.

 Neutrophil count may decrease due to hypoplasia of the 
marrow induced by some drugs or infections.

EOSINOPHILS
Eosinophils (eos, dawn) have large round granules which are 
stained deep red by eosin, for which they have a special affi n-
ity. The nucleus is lobed but it generally has fewer lobes than 
in a neutrophil: a bilobed nucleus is quite characteristic of 
eosinophils. But the distinction between neutrophils and eosi-
nophils should be based primarily on the features of granules 
rather than the number of lobes in the nucleus. The eosinophils 
stay in the blood for about 1 – 8 hours before migrating to the 
tissues where they live for a few weeks.

Development
Development of eosinophils is along the same lines as that of 
neutrophils. Production of eosinopils is regulated like that of 
other blood cells. While IL-3 and GM-CSF stimulate produc-
tion of eosinophils along with that of other blood cells. IL-5 
produced by T lymphocyte is a specifi c growth factor which 
stimulates the production of only eosinophils.

Functions
Eosinophils specialize in dealing with parasites which are too 
large to be phagocytosed. Eosinophil granules release chemi-
cals which are toxic to larvae of parasites.
 Eosinophils also degrade histamine and inhibit mast cell 
degranulation. That is how eosinophils decrease the ferocity of 
allergic reactions.
 Eosinophils can also phagocytose bacteria, fungi and 
inert particles, but are less effi cient at this function than the 
neutrophils.

Variations
The blood eosinophil count increases in parasitic infestations 
and allergic conditions. The response is obviously useful 
because eosinophils play a special role in killing parasites and 
reducing the intensity of allergies as discussed above.
 A consistent experimental observation is that the eosinophil 
count falls dramatically within 2 hours of injection of an adre-
nal glucocorticoid hormone. The effect seems to be because of 
margination or sequestration of eosinophils. Continued admin-
istration of corticoids reduces eosinophil count on a long-term 
basis, which is due to reduction in the release of eosinophils 
from the bone marrow.

BASOPHILS
Basophils (basis, base) are densely packed with large granules 
which are stained purplish black by basic dyes. The granules 
contain chondroitin sulphate, heparin, histamine and sev-
eral proteases. The granules may obscure even the nucleus. 
The nucleus is central and has 2 to 3 lobes. The lifespan of 
basophils in blood is only a few hours.

Development
The development and regulation of production of basophils 
follow the general pattern as in case of other granulocytes. 
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Although basophil granules are very similar to mast cell gran-
ules in terms of their contents, the two cell types do not have a 
common origin.

Functions
The function of basophils is not well understood. They possibly 
play a role in expression of IgE mediated allergies. They have 
receptors for the constant region of IgE molecules (Chapter 
2.8). The allergen and IgE mole cules possibly form a complex 
with basophils which releases the contents of basophil granules 
which, in turn, lead to the allergic manifestations.
 Basophil degranulation may also play a role in protec ting 
us from some parasitic infections, e.g. scabies.
 Basophil granules also contain heparin. Heparin activates 
lipoprotein lipase. The heparin released by basophils after a 
meal may facilitate the post-absorptive metabolism of dietary 
triglycerides.

Variations
Blood basophil count may be increased in some leuka emias; 
some infections such as chickenpox, smallpox, tuberculosis 
and infl uenza; and in some conditions associated with eosi-
nophilia, such as allergic conditions. Basophil count is low 
after administration of gluco corticoids and in some drug-
induced reactions.

Monocytes
Monocytes (monos, single) are granulocytes with a kidney - 
shaped nucleus and clear cytoplasm (Plate 2A). They are the 
precursors of tissue macrophages. Mono cytes mig rate from 
blood into tissues after an average intra vascular stay of about 
3 days. In tissues monocytes undergo differentiation to form 
macrophages. In the tissues, the lifespan of macrophages 
is uncertain, but may extend to months. Monocytes are now 
regarded as the circulating counterpart of the mononuclear 
phago cytic system (MPS), previously called the reticulo-
endothelial system (RES).

Development
Monocytes are formed in the bone marrow. The committed 
stem cell destined to form monocytes proliferates and differen-
tiates into precursor cells known as promonocytes and fi nally 
into monocytes.
 Monocytes or macrophages are a major source of growth 
factors, and their production in turn is infl uenced by a variety 
of growth factors. The details of these factors have already 
been discussed under neutrophils.

Functions
Macrophages are a major participant in innate as well as 
acquired immune mechanisms of the body. These mechanisms 
have been discussed in greater detail in the next two chapters. 
But the functions of macrophages may be summarized here.
1. Macrophages phagocytose microorganisms and inert 

particles.

2. Macrophages secrete IL-1, TNF, G-CSF and M-CSF.
3. Macrophages process and present the antigen to immuno-

competent cells.
4. Macrophages destroy senescent RBC and initiate the catab-

olism of haemoglobin.

Variations
Blood monocyte count may be increased in some leukemias, 
and some other malignant or premalignant conditions. It may 
also be increased in some infections such as tuberculosis and 
syphilis. The monocyte count may be decreased when the 
marrow is hypoplastic.

LYMPHOCYTES
Lymphocytes (lympha, water) are agranulocytes in which the 
nucleus occupies almost the entire cell (Plate 2A). Lymphocytes 
show a large variation in size (6-18 micron diameter), and are 
sometimes divided into small and large lymphocytes.2 The 
lifespan of lymphocytes is highly variable and depends partly 
on the type of lymphocyte. While some live only for a few 
hours, memory type of lymphocytic cells may live for years.

Development
Bone marrow and thymus are the primary lymphoid organs 
where pluripotent stem cells form lymphoblasts. Lymphoblasts 
proliferate and differentiate into imma ture lymphocytes. Some 
of the lymphocytes mature in the bone marrow. Lymphocytes 
which mature in the bone marrow are called B lymphocytes. 
Another group of lymphocytes mature in the thymus and are 
called T lympho cytes. Lymphocytes from the bone marrow 
and thymus travel to secondary lymphoid organs such as 
lymph nodes and spleen, where lymphopoiesis conti nues. 
Lymphocytes are thus unique among blood cells in that their 
production is not limited to the bone marrow.

Functions
Lymphocytes are directly involved in specifi c acquired immu-
nity. T lymphocytes are the effector cells in cell-mediated 
immunity, and B lymphocytes are the effector cells in humoral 
immunity. These functions have been discussed in detail in 
Chapter 2.8.

Variations
Blood lymphocyte count is increased in some leukaemias and a 
variety of viral infections. The lymphocyte count is low when 
the marrow is hypoplastic, as in aplastic anaemia or after radia-
tion or anticancer drugs, and in acquired immunodefi ciency 
syndrome (AIDS).
 This chapter provides an overview of white blood cells. 
Details of some of the functions mentioned very briefl y here 
have been discussed in Chapters 2.7 and 2.8. This chapter 
and the next two form a continuum, and should be considered 
together to get a compre hensive picture of leukocyte function 
as well as defence mechanisms of the body.

2 The classifi cation into small and large lymphocytes is unreliable because the size of a lymphocyte can change with the thickness of the smear.
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QUESTIONS AND PROBLEMS

1. In the differential leukocyte count (DLC), the normal range 
of basophils is said to be 0-1 per cent. If in a person’s DLC 
report, basophils are 0%, does it mean that the person has no 
basophils in his blood?

2. In blood, the ratio of white blood cells to red blood cells is 
about 1: 1000. But in the bone marrow, white cell precursors 
outnumber red cell precursors, the myeloid/erythroid ratio 
being 4:1. What is the reason for this apparent discrepancy?

ANSWERS AND SOLUTIONS

1. No, what it means is that no basophil was detected among 
the 100 leukocytes counted for DLC. If the survey had cov-
ered a larger number of leukocytes, some basophils might 
have been observed.

2. The ratio in the marrow is different because the lifespan of 
white cells is much shorter than that of red blood cells. That 
is why the production of white cells has to be on a much 
larger scale than that of red cells.
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2.7
Innate Immunity

We live in a hostile environment. But our enemies to be 
dreaded the most are not the tigers or snakes, but myriads of 
potentially hazardous bacteria, viruses and other parasites 
which may enter our body through the air we breathe or the 
water we drink. The reason why we are able to survive all these 
hazards is that the body is equipped with multiple defence 
mechanisms. Since these mechanisms keep most of us free 
from most of the diseases most of the time, they are said to 
confer immunity (immunitas, freedom from) on us. Immunity 
is of two types: innate and acquired. Innate immunity is avail-
able to us all the time, although its effi cacy improves when 
a pathogenic organism enters the body. Acquired immunity 
develops only as a result of exposure to a pathogen. An impor-
tant feature of acquired immunity is that it is specifi c to the 
agent which induces it. Although there is considered overlap 
between the mechanisms employed by innate and acquired 
immunity, the division is useful for organizing our knowledge 
into a meaningful pattern. In this chapter, we shall talk only 
about innate immunity; specifi c acquired immunity will be dis-
cussed in the next chapter. These two chapters can provide only 
a very brief introduction to the subject of immunology, which 
has progressed enormously during the last few decades. For 
students desiring to go deeper, studying a text on immunology 
is mandatory.

BARRIERS
A very sensible, desirable and effective way of protecting the 
body from pathogens would be to prevent them from entering 
the body by erecting barriers. All surfaces of the body, which 
come in contact with the external environment, are equipped 
with mechanical and chemical barriers to prevent penetration 
by micro organisms. The skin is an essentially impermeable 
covering. Further, the fatty acids and low pH of sebaceous 
secretions inhibit bacterial growth. The surfaces which cannot 
be covered with skin have special barriers. For example, the 
eyes have tears, the mouth has saliva, the stomach has acid 
and the airways have mucus and cilia. In addition to the anti-
bacterial chemicals which these fl uids contain, they also act 
mechanically by washing away microorganisms and their toxic 
products. Urine is not antiseptic; rather, it is a good medium for 
growth of some bacteria. But, provided it is dilute enough, and 

provided its fl ow is rapid and frequent enough, it remains free 
of bacteria and the urinary tract is protected from infections by 
the washing action of the urine.
 However, all bacteria are not pathogenic. Some non-
pathogenic bacteria are normal residents of skin, gut and geni-
tal tract. These commensals inhibit the growth of pathogens by 
competing with them for essential nutrients. If commensals are 
killed by antibiotic therapy, the pathogens get an opportunity 
to mount a successful invasion. That is why such infections are 
called opportunistic infections.
 If, in spite of the barriers, pathogenic organisms do manage 
to enter the body, some very effective weapons get activated in 
the body. Often it is the offending organism which itself trig-
gers these weapons. At fi rst sight, it might appear quite stupid 
on the part of the pathogen to facilitate the arrangement for 
its own assassination. In order to understand this paradox, it 
should be kept in mind that the pathogens evolved before the 
defence mechanisms. The evolution of defence mechanisms 
has, quite understandably, made them need-based. The best 
way to have need-based defence mechanisms is to have them 
activated by the invader.

PHAGOCYTOSIS
A large variety of pathogenic organisms and inanimate par-
ticulate matter are removed from the body by phagocytosis 
(phagein, to eat: kytos, cell). Phagocytosis is carried out either 
by neutrophils or by macrophages. Neutrophils are circulating 
phagocytes, and are most effective against pus-forming (pyo-
genic) bacteria. Macrophages are tissue phagocytes, and are 
derived from circulating monocytes. Monocytes and macro-
phages together constitute the mononuclear phagocytic system, 
previously called the reticuloendothelial system. Macrophages 
are most effective against those micro organisms which live 
within cells.
 The process of phagocytosis involves a series of steps (Fig. 
2.7.1). In the fi nal stages, when the microorganisms have been 
entrapped into a vacuole, called the phago some, cytoplasmic 
granules, or organelles such as lysosomes fuse with the phago-
some releasing a battery of powerful microbicidal substances. 
The microbicidal substances released may be divided into 
those which are produced by oxygen-dependent mechanisms, 
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Chance Favours the Prepared Mind

The observation that many diseases, such as smallpox or 
measles, occur only once in a lifetime is so striking that it 
could not have escaped prehistoric man. In ancient Greece, 
the nursing of patients of plague was gladly undertaken by 
those who had already had plague. Obviously, it was known 
that those who had plague once, would not get it again. Many 
forms of immunization have also been practised for a long-
time. Some ‘wizards’ in Africa promised protection against 
snake bite by treatment with a mixture of snake heads and 
ant eggs. Ant eggs contain formol, which can detoxify several 
venoms and toxins. Possibly the formol in ant eggs detoxifi es 
the venom in snake heads (while leaving the antigenic poten-
tial of the venom intact), making the mixture safe but capa-
ble of conferring immunity to snake bite. In ancient China, a 
powder prepared from the dried crusts of smallpox lesions 
was inhaled, like a snuff, to obtain protection, against small-
pox. In Turkey, material from pustules of the most benign 
cases of smallpox was ‘injected’ into children who had not 
had smallpox. The observation so fascinated Lady Wortley 
Montague, the wife of the British ambassador to Turkey in 
1721, that she did not hesitate ‘communicating’ smallpox to 
her son in this fashion although she was warned that it was 
an unchristian operation. British milkmaids knew that they 
would not get smallpox because they had been in touch with 
cowpox lesions. One of them passed on this observation to 
Edward Jenner in 1798, who was so fascinated by it that he 
injected material from a cowpox lesion into a boy, James 

Fig. 2.7.1: Pagocytosis. A-H, diagrammatic representation of steps in phagocytosis. N, nucleus; L, lysosome; B, bacterium; P, phagosome; 
PL, phagolysosome.

Phipps who did, in fact, become immune to smallpox. More 
recently, Louis Pasteur, added a few more vaccines to our 
armamentarium. A very important contribution of Pasteur 
was to discover that pathogenic microorganisms could be 
attenuated. An attenuated organism retains its antigenic 
potential but loses its pathogenicity. Hence the attenuated 
organism can be used for immunization. The story behind 
the discovery of attenuation is interesting. Pasteur was 
those days working with chicken cholera. He left some cul-
tures of the chicken cholera bacillus on the table just before 
going for summer vacation. On his return from vacation, 
he found that organisms taken from these cultures failed 
to produce cholera in chickens. Further, chickens exposed 
to ‘vacation culture’ did not get cholera even when inocu-
lated with a fresh, virulent culture. Thus, the organisms in 
the ‘vacation culture’ had undergone, through repeated divi-
sion during the vacation, some transformation which made 
them incapable of producing disease while their capacity to 
confer immunity remained intact. Making an organism divide 
repeatedly has now become one of the standard methods 
for attenuating an organism.
 The discovery of attenuation looks accidental, but like all 
accidental discoveries it reveals the ‘prepared mind’ of the 
discoverer. A mind less prepared than that of Pasteur might 
have simply thrown the ‘vacation culture’ as useless and that 
would have been the end of the story.

e.g. superoxide anion, singlet oxygen and hydroxyl free radi-
cal; and those which are oxygen-independent, e.g. lyso zyme, 
proteolytic enzymes, and several other hydrolytic enzymes.
Complement System
Eliminating a microorganism by phagocytosis requires that 
phagocytes should be available at the right place at the right 

time, and that the organism should adhere to the phagocyte. 
Several microorganisms have evolved mechanisms to ensure 
that these conditions are not fulfi lled. In order to deal with 
such infections, one more nonspecifi c defence mechanism is 
found in the plasma, the complement system. The complement 
system consists of about 20 proteins which, on being triggered, 
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1 The coating was initially called opsonin. For an unfair but interesting criticism of the discovery, read George Bernard Shaw’s ‘The Doctor’s Dilemma’.

From Digestion to Defence

The discovery of phagocytosis by Metchnikoff is a beautiful 
example of how one thing may lead to another in a totally 
unpredictable fashion. In 1865, when Metchnikoff was just 
twenty, he discovered intracellular digestion in a fl atworm. 
During the next seventeen years, he worked on a variety 
of other subjects, and went through more than his share 
of the ups and downs of life. But the intracellular digesion 
that he had observed in fl atworms remained at the back of 
his mind. The idea gradually matured in his mind that intra-
cellular digestion by unicellular organisms and by primitive 
motile cells of the fl atworm is essentially similar. Further, he 
surmised that the motile tissue cells and white blood cells 
which collect at sites of injury and infection act like the cells 
which perform intracellular digestion but here the activity 
has a different purpose. By digesting infectious microorgan-
isms, these cells serve the function of defence. To test his 
ideas, he introduced some thorns beneath the ‘skin’ of the 
larvae of starfi sh. Next morning he was delighted to fi nd 
that the thorns were surrounded by motile mesenchymal 
cells. This observation injected a fresh wave of enthusiasm 
into Metchnikoff and he engaged himself in a series of stud-
ies designed to test his hypothesis of defence by phagocyto-
sis. His views, based on a brilliant blend of observations and 
argument, remained controversial for quite long. Two other 
prevailing views, which he had to counter were:
 i. Microorganisms penetrate leucocytes and multiply 
within these cells. Thus leucocytes were viewed as a favour-
able site where microorganisms could thrive.
 ii. Microorganisms are fi rst killed by humoral defence 
mechanisms (i.e. chemicals circulating in the blood), and 
then phagocytosed by leucocytes for fi nal disposal.
 Today we know that all the three views had some sub-
stance. Metchnikoff was right in that there are situations in 
which leucocytes defend the body by ingesting and digest-
ing live organisms. But there are also microorganisms which 
preferentially multiply intracellularly. And there are micro-
organisms which can be killed only by the cooperative effort 
of humoral factors (antibodies and complement) and phago-
cytes. These historical facts teach us that we should have an 
open mind towards our opponents, and that differing points 
of view are not necessarily mutually exclusive.
 Metchnikoff’s work was eventually recognized and he 
received the Nobel Prize for ‘Physiology or Medicine’ in 
1908.

phagocytosed because phagocytes have receptors for the 
same complement components which coat microorganisms. 
To use Shaw’s analogy, the complement acts like sauce 
which makes the microorganisms more palatable to the 
phagocytes.1

ii. Some components of the complement system stimulate 
the lethal mechanisms of phagocytes referred to earlier. 
They also release histamine and several other useful sub-
stances from mast cell and basophil granules. The major 
effects of the granule release are vasodilation and chemo-
tactic migration of neutrophils and eosinophils to the site of 
infection.

iii. The complement pathway leads to the formation of a ‘mem-
brane attack complex’ which stabs a hole into the microbial 
cell wall. The hole leads to entry of water and sodium into 
the microbial cell, leading to its lysis.

HUMORAL MECHANISMS
Besides the complement system there are also some other 
humoral mechanisms of innate immunity

Acute Phase Proteins
Following an infection, there is a rise in plasma concen tration 
of several proteins, the best known among which is C-reactive 
protein (CRP). CRP adheres to the surface of a number of 
microorganisms. CRP-coated organisms activate complement, 
which, in turn, facilitates phago cytosis.

Interferons
Interferons are released by virally infected cells. Infected lym-
phocytes release interferon alpha, of which fourteen subtypes 
are known. Other cell types, when infected by some viruses, 
release interferon beta. Interferons are released into the extra-
cellular fl uid, where they diffuse to form a protective ring of 
uninfectable cells, thereby limiting the spread of infection. 
Besides, interferons also inhibit protein synthesis by interfering 
with the process of translation, and by promoting degradation 
of mRNA. Since viruses depend partly on the nucleic acids of 
the host for protein synthesis, interferons have a marked inhibi-
tory effect on the replication of viruses.

NATURAL KILLER CELLS
Natural killer (NK) cells are large granular lymphocytes, which 
are specially equipped to kill virally infected cells and tumour 
cells. Some virally infected cells acquire a special glycoprotein 
on the surface which seems to announce to their neighbours 
that they are in trouble. NK cells are specially receptive to this 
cry for help because they have on their surface receptors for the 
glycoproteins which appear on the surface of virally infected 
cells. On coming in contact with virally infected cells, NK cells 
release lethal substances which lead to the death of the infected 
cell (Fig. 2.7.2). Thus the infected cell, is killed before the 

can enter into a cascade reaction similar to the coagulation 
reaction (Chapter 2.10). The complement system helps handle 
microbial invasion through three mechanisms:
i. Some components of the complement system coat micro-

organisms. Microorganisms with such a coat can be easily 
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Fig. 2.7.2: Action of natural killer (NK) cells on virally infected cells. A-D, diagrammatic representation of steps involved in the process. For 
simplicity, only one granule has been shown in the NK cells.

virus has had a chance to multiply, but in the process the host 
cell is sacrifi ced. That is not a big price in view of the marked 
regenerative capacity of most tissues of the body.
 NK cells have on their surface ‘Killer Inhibitory Receptors 
(KIR)’ which interact with some HLA class I molecules on the 
surface of normal cells. Thus normal cells are protected from 
NK cells. But tumour cells often have modifi ed KIR-specifi c 
HLA ligands. Since these modifi ed ligands do not interact 
properly with KIR, NK cells kill the tumour cells. Thus NK 
cells defend us also against cancer, specially ‘spontaneously’ 
developing tumors which are still fresh.

EOSINOPHILS
Eosinophils are specially equipped to deal with large para-
sites such as helminths. The coating of helminths with some 
complement components facilitates adherence of eosinophils. 
The adherence triggers the release of several lethal substances 

from eosinophil granules leading to the death of the parasite. 
It is quite clear that the body has an impressive armamentar-
ium for dealing with invasions by microorganisms and larger 
parasites. Further, there is remarkable cooperation between the 
different weapons employed by the body. For example, com-
plement facilitates phagocytosis, CRP activates complement, 
and interferons enhance the cytotoxicity of NK cells. But many 
pathogens can successfully circum vent all these innate defence 
mechanisms. For handling these pathogens, the body has the 
potential of devising specifi c weapons: a different weapon for 
each pathogen. For manufacturing these specifi c weapons, an 
exposure to the pathogen, or at least its non-pathogenic cousin, 
or some characteristic protein (called antigen), is essential. The 
fascinating mechanisms involved in the acquisition of spe-
cifi c immunity have been discussed in the next chapter, after 
reading which you would realise the close interaction between 
mechanisms of innate immunity and those of specifi c acquired 
immunity.
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2.8
Specifi c Acquired 

Immunity

The defence mechanisms discussed in the previous chapter 
are available since birth and are not specifi c to a particular 
microbe. There are many pathogens which have learnt to get 
around all the innate defences, and produce disease. For deal-
ing with such infections, the body has immune mechanisms 
specifi c for each species of microorganism. These mechanisms 
are not innate but are acquired after exposure to the microor-
ganism. Immunity acquired after exposure to a microorganism 
may sometimes extend to a few other related micro organisms 
also. There are two types of specifi c acquired immunity, now 
also called adaptive immunity. One is mediated by circulating 
antibodies, and is called humo ral immunity. The other type is 
mediated by sensitized cells and is called cell mediated immu-
nity. However, as will be seen below, these divisions are arbi-
trary and incomplete. There is consi derable overlap between 
the methods employed by not only the two types of specifi c 
acquired immunity but also between innate and acquired 
immunity. Therefore, in spite of the desirability of segregating 
humoral and cell mediated immunity for the sake of clarity, it 
has not been possible to do so completely in the discussion that 
follows.

HUMORAL IMMUNITY
Humoral immunity is expressed through circulating proteins 
called antibodies. Most antibodies are gamma globulins. 
Antibodies are manufactured by cells which develop from lym-
phocytes of the type known as B lympho  cytes because their 
early ‘education’ is in the bone marrow. The molecule which 
induces the formation of an antibody is called the antigen. 
Each antigen evokes the formation of a different antibody. In 
case of infectious organisms, the antigen is either a part of their 
body, or the toxin that they produce. Most of the antigens are 
proteins. In situations in which the antigenic determinant is not 
a protein (it may be a polysaccharide), it attaches itself to a 
plasma protein to form the antigen. Thus the complete antigen 
is always a protein. The incomplete non-protein component of 
an antigen is called a hapten.

Structure of Antibodies
An antibody, or immunoglobulin, molecule has two pairs of 
peptide chains linked by disulphide bonds (Fig. 2.8.1). The 
two longer chains in the molecule are called heavy chains, and 

the two shorter chains are called light chains. The two heavy 
chains in a given antibody molecule are identical, and so are 
the two light chains. The antigen binding sites are located at the 
N-terminal end of the peptide chains, while the sites for other 
biological functions, such as complement fi xation, are towards 
the C-terminal end. Since a difference in structure forms the 
basis of the antigen specifi city of each antibody, the structure 
of the N-terminal end varies from one antibody to another. 
In contrast, long stretches of the peptide chains towards the 
C-terminal end are relatively constant. Further, within the var-
iable region of the molecule, there are some selected amino 
acid sequences which are more variable than the rest; these are 
known as hypervariable regions. The immunoglobulin mole-
cules can be split by using the proteolytic enzyme, papain, into 
two antigen binding fragments (Fab), and a crystallizable frag-
ment (Fc) which consists of a major part of the constant region 
of heavy chains.

Classifi cation of Immunoglobulins
Immunoglobulins (Ig) have been grouped into fi ve classes, 
IgG, IgA, IgM, IgD and IgE. Chemically, the classifi cation is 

Fig. 2.8.1: Diagrammatic representation of the antibody molecule. 
L, light chain; H, heavy chain.
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based on differences in heavy chains (Table 2.8.1). The heavy 
chains in IgG, IgA, IgM, IgD and IgE are called γ (gamma), 
α (alpha), μ (mu), δ (delta) and ε (epsilon) respectively. Both 
light chains in any immunoglobulin are either of the k (kappa) 
or l (lambda) type.
 IgG is the major immunoglobulin, forming about 80% of 
all immunoglobulins in the body. It can cross the capillary wall 
relatively easily. In the interstitial fl uid it neutralizes specifi c 
toxins, assists phagocytosis of specifi c organisms, and perhaps 
participates in antibody dependent cell-mediated cytotoxicity 
(ADCC) reactions (see below). IgG can cross also the placenta 
and is secreted into milk, and thereby transfers some immunity 
from the mother to the newborn baby.
 IgA is the immunoglobulin of secretions such as tears and 
saliva as well as secretions of the gastrointestinal, respiratory 
and genitourinary tracts. It is secreted as a dimer in combina-
tion with a peptide known as the secretory piece. The secre-
tory piece is thought to protect it from proteolytic digestion 
by enzymes such as those present in the gastrointestinal tract. 
IgA provides local protection against the entry of pathogenic 
micro organisms through mucous membranes of the mouth and 
gastrointestinal, respiratory and genitourinary tracts. Some 
more details about IgA have been discussed with immunologi-
cal mechanisms of the gut (Chapter 6.13).
 IgM is the antibody that appears fi rst in response to a bacte-
rial infection, i.e. during the primary response. The secondary 
response is dominated by IgG. Since IgM is a pentamer, it stays 
confi ned to the bloodstream. It is thought to be the fi rst line 
of defence against bacteremia. Antibodies to blood group anti-
gens A and B also belong to the class IgM. IgM is also present 
on the surface of B lymphocytes where it possibly plays a role 
in antigen recognition.
 IgD is present mostly on the surface of B lymphocytes 
where it may, together with IgM, play a role in antigen 
recognition.
 IgE is thought to protect mucosal surfaces against micro-
organisms which have escaped the IgA barrier. IgE is bound 
to mast cells in the tissues. On coming in contact with specifi c 

antigens, it leads to release of mast cell granules. The gran-
ules contain chemicals which lead to an infl ammatory reaction 
and also chemotactic migration of granulocytes. The increased 
permeability during the inflammatory response brings in 
IgG, complement and blood cells to the scene of action. This 
mechanism is particularly effective in exclusion of helminthic 
parasites by eosinophils. Occasionally the mechanism is mis-
directed and may get activated by pollen grains or a dust to 
which the individual is allergic. Then the release of chemicals 
from the mast cell granules leads to allergic manifestation such 
as those of bronchial asthma.

CELL-MEDIATED IMMUNITY
Cell-mediated immunity (CMI) is generally invoked for deal-
ing with organisms which prefer to stay within the cells of 
the host. CMI is expressed by large lymphocytes of the type 
known as T cells because their early ‘education’ is in the 
thymus. There are two mechanisms by which CMI operates: by 
helping phagocytosis, and by releasing cytotoxic substances. 
Accordingly, the T cells employing these two modes of action 
are called helper T cells and cytotoxic T cells.

THE SCENE OF ACTION
The structures involved in the development of the acquired 
immune response may be divided into primary and second-
ary lymphoid organs. All cellular elements involved in the 
acquired immune response are either white blood cells or 
their close cousins. Accordingly they all originate in the bone 
marrow from a pluripotent stem cell. The lymphocytes devel-
oping from the stem cells may undergo further differentiation 
in the thymus to become T cells, or in the bone marrow itself 
to become B cells. Accordingly, the bone marrow and thymus 
are called primary lymphoid organs. The T and B cells then 
populate the secondary lymphoid organs, which include 
lymph nodes, spleen and lymphoid tissue associated with the 
gut, respiratory tract and other mucosal surfaces. If we look at 

Table 2.8.1: The major classes of immunoglobulins

 IgG IgA IgM IgD IgE

Heavy chains γ α μ δ ε

Light chains κ or λ κ or λ κ or λ κ or λ κ or λ

Molecular formula γ2 κ2 or γ2 λ2 α2 κ2 or α2 λ2 (μ2 κ2)5 or δ2 κ2 or ε2 κ2 or ε2 λ2
  (α2 κ2)2S* or (α2 λ2)2 S* (μ2 λ2)5 δ2 λ2 

% of total immunoglobulin 80 13 6 0-1 0.002

Functions Major defence Present in secretions. Antibody of early Present on lymphocyte Protects mucosal
 against bacteria Protects mucosal immune response. surface. surfaces against
 and their toxins. surfaces. Protects against Involved in antigen organisms that have
   bacteraemia. recognition escaped IgA.
   Also present  Major defence
   on surface of  against helminths
   lymphocytes.  Mediates allergic
   Involved in antigen  reactions.
   recognition.

*S, secretory piece
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the structure of the secondary lymphoid organs, we fi nd fairly 
distinct T and B cell areas (Fig. 2.8.2).
 When an offending agent (antigen or microorganism) 
enters the body, one of the secondary lymphoid organs traps 
it and mounts an immune response. The exact organs involved 
depend on the site of entry of the agent. If the agent penetrates 
a tissue, it is likely to be trapped in the draining lymph nodes. 
If the agent reaches the bloodstream, it is trapped in the spleen. 
And, if the agent enters the body through a mucosal surface, 
it evokes an immune response in the mucosal associated lym-
phoid tissue (MALT). Irrespective of the site, the response to 
the entry of the agent follows a common pattern. The agent is 
trapped by phagocytic cells which degrade it, and coat their 
surface with some chemical fragments derived from the agent. 
These fragments aid recognition of the phagocyte by immuno-
competent cells. Recog nition is followed by activation of the 
immuno competent cell, fi nally leading to production of effec-
tors. Effectors in humoral immunity are specifi c antibodies. 
In cell mediated immunity, the effectors are lymphokines and 
cytotoxic lymphocytes.

DIFFERENTIATION OF IMMUNOCOMPETENT 
CELLS

The immature lymphocytes formed in the bone marrow either 
continue to stay in the bone marrow and differentiate into B 
cells, or enter the circulation and enter the thymus to differ-
entiate into T cells. The process of differentiation involves, as 
elsewhere in the body, acquisition of characteristic features by 
expression of appropriate parts of the genome, and reduction 
in the capacity to proliferate by cell division. In case of lym-
phocytes, the process of differentiation has often been called 
their ‘education’. We shall examine briefl y what they learn so 
as to emerge as qualifi ed B or T lymphocytes. We shall fi rst 
examine the process for B lymphocytes which go to the neigh-
bourhood school, the bone marrow.

Differentiation of B Lymphocytes
The B cell precursor is an undifferentiated lymphocyte which 
is committed to form a B lymphocyte. It stays on in the bone 
marrow. The fi rst step in its differentiation is the formation of 
the pre-B cell which manufactures m chains. The pre-B cell 
develops into the immature B cell, which can synthesize, in 
addition to m chains, also light chains so that the complete IgM 
molecule can be synthe sized. The immature B cell then differ-
entiates into the mature B cell which manufactures IgM, IgD 
and also the type of antibody it is ultimately destined to manu-
facture, i.e. IgG or IgA or IgE. In addition, during the pro cess 
of differentiation, the B cell learns to manufacture major his-
tocompatibility complex (MHC) class II molecules,1 receptors 
for the complement C 3b, and several other characteristic sur-
face molecules.
 The process of B cell maturation begins before birth, 
and continues after birth. At birth, the infant has a high 

concentration of IgG acquired from the mother by transfer 
across the placenta. This confers substantial passive immunity 
on the infant. The newborn has limited capacity to manufac-
ture its own IgM but not much of other classes of antibodies. 
The newborn gets IgA from mother’s milk, specially colos-
trum. IgA is not absorbed by the gastro intestinal tract but 
protects the gut from organisms which frequently invade the 
gut. It is only around 18 months of age that the infant has a 
well-developed capacity to manufacture all types of antibod-
ies (Fig. 2.8.3). Knowing the changes going on during early 
life helps understand the response of the child to environmen-
tal challenges better, and is important for rational paediatric 
practice.

Differentiation of T Lymphocytes
Immature lymphocytes destined to form T cells leave the bone 
marrow and settle in the thymus. The immature T cells enter 
the thymus at the cortex, and leave from the medulla. As the 
lymphocytes move from the cortex to the medulla, they inter-
act with large epithelial cells, called ‘nurse cells’, other types 
of cortical epithelial cells, and medullary epithelial cells. 

Fig. 2.8.2: Diagrammatic representation of a secondary lymphoid 
organ such as the spleen or a lymph node.

1 The cell surface bears some proteins which are unique to an individual, and determine whether a transplant will be accepted or rejected. This group of 
proteins is called the major histocompatibility complex (MHC) and has two major classes, class I and class II

Fig. 2.8.3: Serum immunoglobulin levels in the human foetus and 
newborn through 18 months of age. Antibody levels have been 
expressed elective to the adult level.
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At the cortico-medullary junction, the lymphocytes meet 
macrophages.
 The differentiation of precursors of T lymphocytes is asso-
ciated with reorganization of DNA, which results in expression 
of characteristic T cell surface markers. In addi tion, the cells 
also develop MHC restriction, i.e. their capacity to respond 
gets limited to just one genetic variety of MHC molecules. 
These aspects of differen tiation are accomplished by the vari-
ous epithelial cells of the thymus.
 The tolerance to self also develops in the thymus, and 
seems to result from the interaction between macro phages and 
lymphocytes which are likely to mount an immune response to 
self. These are the lymphocytes which have the greatest affi nity 
for macrophages. Affi nity for a formidable cell like the macro-
phage is an invitation to death. Thus cells with the potential of 
reacting to self are eliminated by macrophages.
 In short, the thymus is like a school where immature T cells 
learn how to manufacture those characteristic proteins which 
give them an identity and the capacity to perform certain func-
tions. In addition, the thymus also conducts an exam which 
eliminates pupils with anti-social tendencies. The T cells which 
leave the thymus are therefore fully qualifi ed and safe.

ANTIBODY SPECIFICITY: NO LONGER A 
MYSTERY

It is indeed a marvel that the body can manufacture thousands 
of different antibodies to match each antigen that enters the 
body. Some scientists earlier believed that the antigen acts as 
a template and that it ‘instructs’ the antibody forming cells 
regarding the type of antibody to be manufactured. But now it 
is well established that the antigen ‘selects’ the appropriate B 
cell which has the capacity to manufacture the right antibody 
(Fig. 2.8.4).
 It seems a small number of lymphocytes of thousands, or 
perhaps millions, of types are present in the body at birth. Each 
type of lymphocyte can manufacture only one type of antibody. 
A characteristic part of the antibody which it can manufacture 
is present on its surface. We can consider the surface proteins 
to be a sign board through which the lymphocyte tells potential 
customers (antigens) what it can manufacture. When an anti-
gen enters the body, it ‘looks at the sign boards’ and selects 
the clone of lymphocytes which can manufacture the right 
antibody. The antigen stimulates proliferation of the selected 
clone. Proliferation is eventually followed by maturation into 
two types of cells: plasma cells, which actually manufacture 
and secrete the antibody, and memory cells (lymphocytes), 
which facilitate the antibody response if the same antigen 
enters the body again. It is because of the memory cells that 
the antibody response to subsequent exposures to the antigen 
(secondary response) is faster and better than that to the fi rst 
exposure (primary response) (Fig. 2.8.5).

Cellular Origin of Antibodies
The cells in which antibodies are produced were discovered 
through a series of elegant experiments by Gowans in the 

1960s (Fig. 2.8.6). He observed that if the lymph of a rat was 
drained by cannulating the thoracic duct, the rat could not pro-
duce antibodies in response to an antigenic stimulus. However, 
the capacity to mount an antibody response returned if the lym-
phocytes were returned to the rat by injecting lymph from a 
donor rat. These experiments suggested that the cells respon-
sible for producing antibodies are lymphocytes. It was further 
observed that incubating lymph at 37°C for 24 h killed large 
lymphocytes but spared small lymphocytes. If the lymph from 

Fig. 2.8.4: Induction of the humoral immune response. For simplicity, 
only the response to a thymus-independent antigen has been shown.

Fig. 2.8.5: The secondary immune response is much faster and more 
intense than the primary response. 1. fi rst exposure to antigen; 2. 
second exposure.

2.8.indd   782.8.indd   78 8/23/2010   11:59:43 AM8/23/2010   11:59:43 AM



C
H

A
PT

ER
 2

.8
: Sp

ecifi c A
cq

u
ired

 Im
m

u
n
ity

79

a donor rat was incubated at 37°C for 24 h before injecting it 
into a lymphocyte depleted rat, the procedure still restored the 
recipient rat’s capacity to mount an antibody response. This 
observation suggested that small lymphocytes are the cells 
required for antibody synthesis. The experiment was repeated 
after injecting the donor rat with tritiated thymidine. Tritiated 
thymi dine gets incorporated in the nuclei of all rapidly divid-
ing cells of the body, including lymphocytes. After confi rm-
ing that the recipient rat is able to manufacture antibodies, the 
lymphocytes were removed from the donor rat, labelled with 
a fl uorescent antibody probe, and examined by autoradiogra-
phy. Autoradiography revealed radioactive nuclei in both small 
lymphocytes and plasma cells, but the antibody probe revealed 
antibodies in only plasma cells. These observations suggest 
that small lymphocytes get transformed into plasma cells, and 
that only plasma cells manufacture antibodies.
 The small lymphocytes are now known as B lympho cytes 
because they seem to receive their early ‘education’ in the bone 
marrow.

Monoclonal Antibodies

Although the antibody molecules produced by a given B cell 
are identical, till recently it was diffi cult to obtain a homog-
enous mixture of antibodies because it was diffi cult to cul-
ture a uniform B cell population. The situation has changed 
after the emergence of the hybridoma technique. In this 
technique an antibody forming B cell is fused with an undif-
ferentiated cell taken from a B cell tumour. The resultant 
hybrid cell has the antibody forming capacity of the B cell, 
and a tendency for rapid proliferation like the tumor cell. 
Because of their tendency to divide repeatedly, the hybrid 
cells can be cultured separately to form a clone of antibody 
forming cells, each making the same antibody. Since these 
antibodies are made by a single clone of cells, they are called 
monoclonal antibodies. Monoclonal antibodies have proved 
to be a valuable tool in research and diagnosis, and are likely 
to be useful for treatment also.

Fig. 2.8.6: Cellular origin of antibodies. The experiments show, in a step-wise fashion that the antibody response depends on small lymphocytes 
and that the site of antibody synthesis is the plasma cells. The sequence of opera tions in each experiment has been indicated by numerals.
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INDUCTION OF ANTIBODY SYNTHESIS

Depending on the antigen, antibody synthesis is induced by 
either of two mechanisms: thymus independent or thymus 
dependent. In both cases, antigen is processed and presented to 
immunocompetent cells by macro phages. The steps involved 
in both methods of induction have been explained below.

Thymus-Independent Antigen
Some bacterial polysaccharides, when presented appropriately 
by macrophages, can activate B cells. Anti gens capable of 
doing so are called thymus-independent antigens because these 
antigens do not require the cooperation of T cells for activating 
B cells. Thymus-independent antigens activate B cells to pro-
duce IgM type of antibodies.

Thymus-Dependent Antigens
Many antigens require cooperation of T cells for activa ting B 
cells. Since T cells differentiate in the thymus, these antigens 
are called thymus-dependent antigens. The sequence of events 
involved in activation of B cells by thymus-dependent antigens 
is as follows:
1. The antigen is presented to specifi c B cells by the antigen 

presenting cell, probably a macrophage.
2. The B cell ‘phagocytoses’ the antigen together with its own 

class II surface proteins.
3. The antigen and MHC class II molecules are processed in 

the B cell, and brought back to the surface.
4. The combination of processed antigen and MHC class II 

molecules is recognized by T helper cells. Thus the B cell 
acts as an antigen presenting cell for T helper cells. This 
leads to activation of T helper cells.

5. Activated T helper cells produce interleukin-2 (IL-2) which 
leads to proliferation of T helper cells.

6. The expanded T cell population produces a number of solu-
ble factors (lymphokines) which activate B cells.

7. Activation of B cells involves clonal proliferation and even-
tual differentiation into antibody producing cells and mem-
ory cells.

 The above sequence of events has been summarized in 
Figure 2.8.7.
 An interesting aspect of B cell activation is that initially the 
activated cells produce IgM type of antibody. Then, under the 
infl uence of some differentiation factors produced by T cells, 
they start manufacturing IgG. The change in the class of anti-
body produced has been called class switching (Fig. 2.8.8).

MODE OF ACTION OF ANTIBODIES
Antibodies act as a bridge between the microorganism and 
phagocytes. Antibodies have a specifi c molecular confi gura-
tion complementary to the antigenic deter minant of the micro-
organism. Besides, they also have a grouping with a high 
affi nity for the C3b fragment of the complement C3. Since 
C3b coats microorganism, there are now two points of attach-
ment between antibody and the microorganism. A third por-
tion of the antibody molecule attaches itself to the phagocyte 

Fig. 2.8.7: Sequence of events in induction and expression of humoral 
immunity in response to thymus-dependent antigens. The numerals 
correspond to the steps enumerated in the text.

(Fig. 2.8.9). Thus, the antibody helps bring the microorganism 
and the phagocyte in contact with each other. The process is 
facilitated by the fact that antibodies facilitate activation of the 
complement system through a pathway conven tionally called 
the classical pathway. This pathway is different from the one 
employed by microorganisms in general (conventionally called 
the alternative pathway) as discussed in the previous chapter 
on innate immunity.
 Further, you might have observed that the antibody mol-
ecule has one specifi c attachment site (for the antigen), and 
two non-specifi c attachment sites (for C3b and the phagocyte) 
which may remain constant irres pective of the infectious organ-
ism. Accordingly, each antibody molecule has a small variable 
region, and a large constant region, as discussed already (Fig. 
2.8.1).
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direct visualization of the organism may not be always possible 
because the organism may be too small (e.g. a virus), or may 
be present in a relatively inaccessible part of the body (only 
body fl uids such as blood or urine are readily accessible), or 
might have disappeared from the body altogether. Therefore 
it is often necessary to depend on the presence of specifi c 
antibodies in the blood as indirect evidence of an infection. 
If the antibodies directed specifi cally against the antigens of 
an organism are present in blood in a suffi ciently high con-
centration, it may be reasonably assumed that the individual 
has been infected by the organism, now or in the past. There 
is, however, one important exception to this general state-
ment. (Think of it yourself before you look at the footnote).2 
Nevertheless, detection of anti bodies remains an important 
diagnostic tool.
 Antibodies are detected in laboratory tests generally 
through observable antigen-antibody interactions. Some 
common antigen-antibody interactions which may be observed 
in the laboratory are given below.

Precipitation
If antigen and antibody are present together in a solution in an 
appropriate ratio, they form a precipitate. The degree of tur-
bidity produced by the precipitate may be measured by optical 
methods. Alternatively, antigen and antibody may be placed in 
wells cut in agar gel. Antigen and antibody diffuse from these 
wells into the surround ing agar. The precipitate appears as an 
opaque line in the region where the antigen and antibody meet 
in the appropriate proportion (Fig. 2.8.10).

Agglutination
If the antigen is present on the surface of cells, or can be made 
to coat the surface of cells, these cells would form a clump in 
the presence of the antibody. The process is known as aggluti-
nation. Agglutination tests commonly employ red blood cells, 
and are carried out in specially designed plastic trays having a 
large number of small wells. The wells are used for observing 
reaction of a fi xed amount of antigen-coated cells with vary-
ing dilutions of test serum suspected to contain the antibody. 
If no agglutination is observed with any dilution, the antibody 
is probably absent. If agglutination is observed, the higher the 
dilution which still gives agglutination, higher the antibody in 
the test serum (Fig. 2.8.11).

Fig. 2.8.8: Primary and secondary humoral immune responses to an 
antigen challenge. Note that IgM secretion precedes IgG secretion 
in both responses. 1, fi rst exposure to antigen; 2, second exposure.

Fig. 2.8.9: The principal mechanisms of action of antibodies.

Antigen-Antibody Interaction
The reaction between an antigen and its antibody is not a 
chemical reaction. They do not unite by covalent binding. 
Instead they come physically very close to each other. Physical 
intimacy is facilitated by the comple mentarity of their shapes. 
Their binding to each other is strengthened by nonspecifi c 
intermolecular forces, such as electrostatic forces, hydrogen 
bonds, hydrophobic bonds and van der Waals forces.

In Vitro Detection of Antigen-Antibody Interaction
If an individual has an infection, appropriate and rational treat-
ment requires that the infecting organism be identifi ed. But 

2 The individual might have received the antigen from the organism in the form of a vaccine.

Fig. 2.8.10: The antigen (AG) and antibody (AB) diffuse towards 
each other through the agar gel. The region where they meet in an 
appropriate proportion is indicated by the opaque precipitin line.
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Fig. 2.8.11: Agglutination. The diagram shows how eight samples 
of serum (No. 1-8) may be tested for the presence of antibodies 
with the help of the agglutination reaction. In the control wells the 
serum sample has been mixed with red blood cells which lack the 
antigen corresponding to the antibodies being tested for. The other 
wells contain varying dilutions of serum samples. To each test well 
have been added red blood cells having the antigen corresponding 
to the antibody being tested for. In Serum No. 1, the control is indis-
tinguishable from the test wells in that there is no agglutination. Hence 
in Serum No. 1 the antibody is absent. In Serum No. 2, antibody is 
detectable when the serum is diluted upto 160 times. In Serum No. 
3, antibody is detectable even when the serum is diluted up to 320 
times, and so on. In Serum No. 7, the antibody is present in the 
highest concentration because it can be detected even at a dilution 
of 1: 5120. In Serum No. 8, agglutination is seen even in the control 
well. Therefore, this sample will have to be tested again with some 
other suitable red blood cells. Thus the control run helps in minimising 
the chances of a false positive test.
 In the wells showing no agglutination, a small button of RBC is 
seen because the RBC sediment to the bottom of the well which has 
a V-shaped cross-section.

Immunoassay
Immunoassay may be used to measure the concentration of 
the antigen derived from an infectious organism, or to meas-
ure the specifi c antibody to it. As discussed in greater detail in 
the section on Endocrinology (Section 9), for immunoassay we 
need the substance to be measured in a labelled form, and the 

antibody to it. Immunoassay can be used for measuring anti-
body concentration also because antibodies can be produced 
against antibodies as well. Thus the antibody to the antibody to 
be measured can be used in the immunoassay.

Immunoblotting (‘Western’ Blots)
In this technique, different antigens (which may be viral 
proteins) are fi rst separated by electrophoresis in a solid phase. 
Then the antigens are again subjected to electro phoresis on 
nitrocellulose sheets. This is called blotting. Then the anti-
gens can be identifi ed by staining them with radiolabelled 
antibodies. The method has recently acquired popularity in 
relation to diagnosis of acquired immunodefi ciency syndrome 
(AIDS).

Immunohistochemistry
Localization of antigens in tissues makes use of the fact that 
antibodies retain their capacity to combine with antigens even 
after being tagged with a fl uorescent dye. The dyes in common 
use are fl uorescein and rhodamine.3 If a tissue is stained with 
a fl uorescein labelled antibody, the labelled antibody combines 
with the antigen in the tissue wherever the antigen is present. 
Then if a section of the tissue is seen through a fl uorescence 
microscope, the presence of fl uorescence tells us where the 
antigen is present (Fig. 2.8.12).

INDUCTION OF CELL MEDIATED IMMUNE 
RESPONSE

In a manner similar to that proposed for B cells, it is believed 
that a large variety of T cells already exist in the body. Exposure 
to an antigen on the surface of infected cells helps select the 
appropriate T cells (Fig. 2.8.13). The clone of selected cells 
undergoes proliferation, and eventually matures into helper T 
cells, cytotoxic T cells and memory cells. Memory cells help 
improve the speed and effi cacy of the response to subsequent 
exposures to the same infectious agent.4

Fig. 2.8.12: Principle of fl uorescent antibody technique.

3 Fluorescent dyes absorb light of a short wavelength and instan taneously emit light of a longer wave length. Fluorescein and rhodamine easily combine 
with free amino groups of antibody molecules. Fluorescent antibodies can be detected by fl uorescence microscopy. Fluorescence microscopy needs a 
lamp emitting ultraviolet and short blue light. It is preferable to use a darkfi eld condenser to provide a dark background. When ultraviolet light strikes 
the fl uorescent antibody, visible light is emitted which travels up the microscope tube to the observer.
4 What does memory really mean when applied to cells? In general in case of B-memory cells, it means a mutation which leads to higher affi nity for the 
specifi c antigen. In case of T-memory cells, it means proliferation of the specifi c T cells so that they are available in a larger number during a subsequent 
exposure to the same infection
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Activation of T Cells
Activation of T cells is brought about by specifi c antigens and 
results in resting T cells (i.e. in phase G0) entering mitosis (i.e. 
phase G1). Activation is the result of two coordinated events. 
Macrophages trap the antigen, degrade it, and incorporate a 
vital fragment of the antigen on their surface in association 
with MHC class II proteins. The combination of antigen and 
MHC class II proteins is recognized by specifi c T cells. Simul-
taneously, antigen presenting cells (macrophages) also release 
interleukin-1 (IL-1). The combination of antigen presentation 
and high IL-1 concentration in the environment leads to activa-
tion of T cells (Fig. 2.8.14).

How does the T Cell Recognize a Combination of 
Antigen and MHC Molecules?
Theoretically there are two possibilities. First, there may be 
two neighbouring T cell receptors, one for the antigen and 
another for the MHC molecules. Alternatively, the antigen 
fragment and MHC molecule may be close to each other on the 
membrane of the antigen presenting cell, and may even interact 
with each other. Then a single T cell receptor may recognize 
the antigen fragment and MHC molecule jointly. Experimental 
evidence points to the latter possibility being more likely (Fig. 
2.8.15).

EFFECTOR RESPONSES IN CELL-MEDIATED 
IMMUNITY

Cell-mediated immunity provides protection through two 
types of effector mechanisms: through cytokines, and through 
cytotoxicity.

Cytokines
Cytokines are a family of soluble chemical mediators released 
by helper T cells. Cytokines have two broad functions. One 
group of cytokines is concerned with growth and differentia-
tion of B and T cells, and other types of blood cells. The other 
group helps phagocytosis by attracting phagocytic cells as 
and when required through chemotaxis, and by activating the 
phagocytic cells.

Helper T Cells
Helper T cells are equipped to identify a combination of two 
proteins on the surface of phagocytes. One of these is an MHC 
class II protein. The other is a unique protein belonging to the 
microorganism trapped within. This may be considered a very 
clever trick on the part of the phago cyte. When it is faced with 
an intracellular orga nism which it cannot phagocytose with the 
help of mechanisms of innate immunity, it transports protein 
fragments of the microorganism to the surface which announce 

Fig. 2.8.13: Induction and expression of cell mediated immunity.

Fig. 2.8.14: The antigen and the interleukin-1 (IL-1) produced by the 
antigen-presenting cell constitute two essential stimuli for activation 
of T cells.

Fig. 2.8.15: Two models for the recognition of cell-surface antigen 
plus MHC by the T-cell. APC, antigen presenting cell; AG, antigen.
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to its neighbours, “I am in trouble, and this is the culprit.” 
Helper T cell with a specifi c affi nity for the proteins of the 
microorganism respond to this distress call, and move towards 
the phagocyte (Fig. 2.8.16). On coming in contact, the helper T 
cells release a type of inter feron known as interferon gamma. 
With the help of this interferon, the phagocyte is able to digest 
the micro organism.
 The T-helper cell described above is called TH1 type of 
helper cell. There is also another subset of T-helper cells, called 
TH2. The cytokines released by TH2 cells are IL-4 and IL-5, 
and they also stimulate the production of IgE antibodies. TH2 
cytokines and IgE are associated with allergic conditions, such 
as bronchial asthma. The decision whether a helper cell will 
differentiate into one or the other subtype seems to be deter-
mined by a variety of interrelated factors. An interesting obser-
vation is that the stress hormone, cortisol, leads to TH2 domi-
nance. This provides the molecular basis for the clinical asso-
ciation between stress and bronchial asthma. TH1 dominance is 
not an unmixed blessing either. TH1 dominance is asso ciated 
with recurrent abortions and multiple sclerosis. Thus TH1/TH2 
balance seems to be crucial for health.

Cytotoxicity
Cytotoxicity is a function of killer T cells. These cells recog-
nize a combination of the antigen and MHC class I molecules 
on the surface of target macrophages. The killer cells may also 
require help from helper T cells in the form of cytokines which 
activate macrophages. The end result is cytolysis of the mac-
rophage, and along with it death of the intracellular organisms 
which had taken shelter in the macrophage.

Cytotoxic T Cells
These cells kill organisms trapped in cells other than phago-
cytes. Cytotoxic T cells also recognize the protein speci fi c to 
the infectious organism on the surface of the infec ted cell. In 
addition, they also recognize the MHC class I molecules on the 
cell surface. A combination of these two groupings helps bring 
the infected cells in contact with specifi c cytotoxic T cells (Fig. 
2.8.17). On coming in contact the cytotoxic T cell releases 
cytokines which kill the infected cell.

REGULATION OF IMMUNE RESPONSE
Like other physiological functions, the immune response is 
also regulated. Regulation is necessary so that the response 
appears when required, and also fades away when it has served 
its purpose. The factors responsible for the regulation are, quite 
logically, the ‘local’ factors, i.e. the challenge and the response, 
and ‘general’ factors, i.e. neuroendocrine and genetic factors.

The Challenge
The presence of the challenge (i.e. antigen) initiates the immune 
response. So long as the antigen persists, the response contin-
ues. As the antigen is ‘neutralized’ by the immune response, it 
gradually disappears, and so does the immune response. There 
is evidence suggesting that synchrony between antigen load 
and the immune response is achieved at least partly through 
feedback provided by the antigen itself.

Fig. 2.8.16: One of the mechanisms by which effector T cells express 
themselves in cell mediated immunity. Sensitized T-helper cells bind 
to surface microbial antigen complexed with class II MHC molecules. 
This is followed by release of lymphokines such as interferon-gamma, 
which in turn leads to macrophage activation and intracellular death 
of micro-organisms.

Fig. 2.8.17: One of the mechanisms by which effector T cells express 
themselves in cell-mediated immunity. Sensitized cytotoxic T cells bind 
to surface microbial antigen (O) complexed with class I MHC molecules
( ). This is followed by release of cytokines which kill the infected cell.

The Response

There are two types of immune response, humoral and cellu-
lar, and both are involved in regulation of the response itself 
through feedback control.

Regulation by Antibodies
IgM antibodies, which appear early during the humoral 
immune response, stimulate the response. This is useful 
in achieving a high IgG synthesis. But IgG exerts nega-
tive feedback, thereby preventing a runaway response 
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responding to an antigenic challenge by producing antibodies. 
This led to an increase in antibody production. On the other 
hand, injection of exogenous IgG suppressed antibody produc-
tion, suggesting negative feedback.

Regulation by T Cells
It is now reasonably well-established that when an immune 
response is elicited, helper T cells not only help various effec-
tor mechanisms but also induce the differentiation of a subset 
of T cells called the suppressor cells. As the name suggests, 
suppressor T cells inhibit the immune response, thereby play-
ing an important role in regulation. Development and function 
of suppressor cells is a complex subject, for details of which a 
text on immuno logy may be consulted.

Neuroendocrine Regulation
The immune system and neuroendocrine system interact 
in many ways. The known effects of hormones on immune 
responses are summarized in Table 2.8.2. Neural effects on the 
immune system are not well-defi ned, but quite certainly exist. 
Primary as well as secondary lymphoid organs have noradren-
ergic and peptidergic innervation. Worries, anxiety and 

The cytokine Network

Cytokines are a large family of messenger proteins which 
act in an autocrine (i.e. infl uencing the cell which produces 
them) or paracrine (i.e. infl uencing neighbouring cells, trav-
elling to them by diffusion) fashion. For quite sometime, we 
knew only a few of them which mediate infl ammatory or 
cell-mediated immune responses. But now more than 100 
cytokines have been identifi ed, and new ones continue to be 
discovered. Further, their functions also cover a wide range. 
For example, interleukin-6 (IL-6) not only promotes B cell 
differentiation but also mesangial cell proliferation, growth 
of keratinocytes, and the activity of osteoclasts. Currently 
cytokines are understood to be part of a complex commu-
nication network which also includes hormones and neuro-
transmitters. The cells which produce cytokines sometimes 
have receptors for hormones and neurotransmitters, and 
endocrine cells or neurons have receptors for cytokines. 
Thus the body has a complex system of communication 
which uses a chemical signaling language. The system reg-
ulates embryonic development, homeostatic responses, 
immune responses, inflammatory responses and tissue 
repair mechanisms. Cytokines have been variously named 
interleukins (IL-1, IL-2, and so on up to at least IL-22), inter-
ferons, tumor necrosis factors, colony stimulating factors, 
etc. In general, interleukins regulate the division and differ-
entiation of immune cells and a variety of other cells; inter-
ferons limit the spread of viral infections; tumor necrosis 
factors activate macrophages, granulocytes and cytotoxic 
cells; and colony stimulating factors regulate the division 
and differentiation of precursors of blood cells in the bone 
marrow. Most of the cytokines are secreted by cells of the 
immune system, specially lymphocytes, but some cytokines 
are also known to be secreted by fi broblasts, epithelial cells, 
endothelial cells, and even muscle cells.
 In the body, it is unlikely that a cell is ever exposed to only 
one chemical messenger. If each messenger is considered to 
be a word, the cell is exposed to at least a sentence. The 
behavior of the cell depends on what the sentence means.
 Cytokines act through receptors on the target cell mem-
brane. The ligand-receptor interaction triggers a cascade of 
reactions in the cytoplasm, fi nally giving rise to substances 
which modify gene expression in the nucleus.
 Resolution of the complex network of cytokines has been 
facilitated by molecular genetics. It is possible to knock out 
genetically a cytokine or its receptor. The resulting abnor-
mality indirectly reveals the normal function of the cytokine 
which is missing or unable to act (if the receptor has been 
knocked out) in the knockout mice. For example, if IL-7 is 
knocked out, there is a marked reduction in the thymic and 
peripheral lymphoid cells, suggesting that IL-7 is required for 
normal development of the immune system.

Tolerance to Self

Just as important as the ability of the immune system to 
react to foreign (non-self) antigens is its failure to respond 
to proteins within the body (self). Elimination of lym-
phocytes likely to react to self is a lifelong process, and 
takes place during the differentiation of immature lym-
phocytes into mature immunocompetent cells. But it seems 
development of tolerance to self is most vigorous and 
effective during the perinatal period. During this period, 
tolerance can be induced even to foreign proteins. There 
are several mechanisms possibly responsible for tolerance 
to self. First, several lymphocytes capable of reacting to 
self have been eliminated during the course of evolution. 
Thus lymphocytes with the ability to synthesize antibodies 
to highly conserved proteins (i.e. proteins, the structure 
of which has remained unchanged across several species 
widely separated in the evolutionary scale) just do not 
exist. This phenomenon is called immunological silence. 
Secondly, cells capable of reacting to self antigens are elimi-
nated during differentiation of T and B cells in the thymus 
and bone marrow. This phenomenon is called clonal dele-
tion. Thirdly, the suppressor cells may have a role in main-
tenance of tolerance to self. Finally, since antibody produc-
tion by B cells generally needs cooperation of T cells, toler-
ance of T cells to an antigen would render B cells ‘helpless’ 
and thereby result in failure of antibody synthesis in spite of 
competent B cells being present.
 All these mechanisms are likely to be involved in toler-
ance to self to varying degrees. If something goes wrong 
with any of these mechanisms, the body mounts an immune 
response to some components of the body itself resulting 
in tissue damage and unwanted infl ammation. Such disor-
ders are called autoimmune diseases.

in which there could be uncontrolled production of one 
type of antibodies far in excess of requirements. The
control has been learnt from experiments in which antibod-
ies were removed by plasmapheresis while the body was 
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depression frequently impair immune responses. This seems to 
be the basis of the popular observation that infections such as 
common cold and viral fevers are more likely during periods 
of mental stress. Experimentally, hypnosis, conditioning and 
lesions of the hypothalamus or limbic system have been shown 
to affect immune responses. The neural effects on the immune 
system are possibly mediated, in part, directly by the auto-
nomic nerves supplying immuno logical structures, and, in part, 
indirectly by the neuro endocrine axis. Not only the nervous 
system affects immune function, immune response also affects 
neural activity, specially in the hypothalamus. There is thus no 
doubt about an intimate and extensive relationship between the 
immune system, nervous system and endo crines but its details 
have still to be worked out.

Genetic Factors
It is commonly observed that some individuals are specially 
vulnerable to infections. In some cases, this may be due to a 
genetic tendency for poor immune response. Among animals 
variation in immune response attri butable to genetic factors 
has been observed. The varia tion may be further accentuated 
by selective breeding. Through such breeding, two contrasting 
lines of mice, one producing high titre antibodies and the other 
producing low titre antibodies, may be obtained.
 Thus the immune system is an integral part of the body. 
Besides a remarkable degree of self adjustment, it is further 
subject to neuroendocrine and genetic factors.

CONCLUSION
The mechanisms of innate and acquired immunity form a con-
tinuum with considerable overlap (Fig. 2.8.18). At one end of 
the spectrum are the defence mechanisms in the form of per-
manent barriers. The strength of these barriers is fi xed, irre-
spective of the nature or ferocity of invasion by infectious 
microorganisms. Then there are innate immune mechanisms 
which get activated by an invasion, but are nonspecifi c. At the 
other end of the spectrum is specifi c acquired immunity which 
is induced by an infection, is specifi c to the infection which 
induces it, and retains some memory of the previous exposures. 
However, the weapons used by acquired immunity have a lot 
in common with those employed by innate immunity. Specifi c 
acquired immunity is the most highly evolved defence mecha-
nism in our battle for survival. The multiplicity and remarkable 
effi cacy of our defence mechanisms is likely to induce a sense 
of smugness, and even superiority. But it will do well to keep 
in mind that although most of us manage to live the biblical 
three score years and ten by decimating millions of microbes 
in a lifetime, microbes are still far from extinct. Further, the 

Table 2.8.2: Effects of hormones on immune 
responses

Inhibit immune responses Stimulate immune responses

Glucocorticoids Growth hormone
Androgens Thyroxine
Estrogens Insulin
Progesterone

INNATE INNATE ACQUIRED
(Fixed) (Following (Following
e.g. HCl exposure) exposure)
mucus, e.g. Phagocytosis, Humoral
cilia, etc. complement, etc. immunity and CMI

NON SPECIFIC NON SPECIFIC SPECIFIC

NO MEMORY NO MEMORY MEMORY

Programmed Cell Death

Lymphocytes which have the potential of reacting to self 
are eliminated in the thymus. In fact, not much struggle is 
required to eliminate these cells because cells do not quar-
rel with their destiny, and the destiny of these cells is early 
death. Their death is brought about by a process called pro-
grammed cell death, or apoptosis (pronounced app-oh-toesis) 
Apoptosis has also been called cell-suicide, and is seen in 
normal as well as abnormal tissues. Some other examples 
of apoptosis are: death of the tail cells of a tadpole as it 
changes into a frog; formation of the lens of the eye by living 
cells giving way to their carcasses and the protein, crystallin; 
death of intestinal mucosal cells as they reach the tip of the 
villus; death of endometrial cells during menstruation. The 
tendency of some cells to go on dividing instead of dying on 
time may be the basic cause of several cancers. Eventually 
cancer cells also undergo apoptosis; that is the reason why 
tumours do not grow indefi nitely. Thus apoptosis is as much 
a normal and essential process as mitosis, and in a way they 
are opposite of each other. Mitosis expresses the will to live 
and divide; apoptosis is a decision to call it a day and quit.
 Apoptosis is different from necrosis, which is cell death 
due to injury. The difference lies not only in the circum-
stances of death but also in the mechanism, and the proc-
esses can be distinguished histologically. Apoptosis is car-
ried out by a specialized group of proteases. Much of 
recent research is centered on discovering the triggers 
which unleash these lethal enzymes at a particular point in 
the life of a cell. The triggers seem to be intracellular and 
membrane signalling proteins, several of which have been 
identifi ed. Some of these proteins promote apoptosis while 
others inhibit it. The balance or proportion of different sig-
nals may determine the fate of the cell.
 The discovery of triggers has not been exhausted. Nor 
do we know what triggers the triggers. Is it cell damage, 
some message from neighbouring cells, or loss of contact 
with neighbouring cells? Future work may throw some light 
on these questions. For now, it is, as the term apoptosis 
(Gk. dropping off) suggests, akin to the falling of leaves when 
autumn is around.

Fig. 2.8.18: Salient features of innate and acquired immunity 
compared. There is considerable overlap between different categories 
of immunity

struggle for survival is a never-ending battle of wits. The 
microbes keep evolving devices to get around the defences we 
possess and the antibiotics we invent. Perhaps one of the latest 
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products of this evolutionary struggle is the human immunode-
fi ciency virus (HIV), which knocks down bulk of the mecha-
nisms discussed here. The microbes arrived on the planet long 
before ‘higher’ forms of life like us, and they are likely to be 
around after we have become extinct.

QUESTIONS AND PROBLEMS
1. How does administration of anti-D help mothers with Rh 

incompatibility?
2. Why are vaccines given after 3 months of age generally 

more effective than those given before?
3. How does the Human Immunodefi ciency Virus paralyse the 

immune system?
4. What is CD?
5. What are Jaks?
6. What are Stats?

ANSWERS AND SOLUTIONS
1. The problem of Rh incompatibility arises primarily from 

the introduction of foetal Rh positive erythrocytes (bear-
ing antigen D) into the mother who reacts by synthesiz-
ing anti-D. If exogenous anti-D is injected at the time of 
birth of the fi rst child, it inhibits endogenous anti-D syn-
thesis by negative feedback, and thereby suppresses the 
development of a potentially hazardous immune response. 
Secondly, the infected anti-D might destroy some Rh 
positive fetal red cells in the maternal circulation, thereby 
reducing antigen availability. Thus the stimulus for produc-
tion of anti-D by the mother is reduced (See also Chapter 
2.9).

2. During pregnancy, maternal immunoglobulins of the IgG 
variety are transferred across the placenta to the foetal cir-
culation. These antibodies protect the infant during the fi rst 
few months after birth. The infant has signifi cant levels 
of maternal antibodies till about 3 months of age. During 
this period, exogenous vaccines are less effective because 

maternal antibodies exert a negative feedback inhibition on 
antibody synthesis in the newborn. Secondly, the newborn’s 
immune system is quite immature during the fi rst 3 months 
of life. Both these factors reduce the effi cacy of vaccines 
given before the age of 3 months.

3. Human immunodefi ciency virus (HIV) is the virus that 
causes AIDS (Acquired immunodefi ciency syndrome). HIV 
paralyses the immune system by causing progressive loss 
of T helper cells. HIV is an extremely vicious virus with 
an amazing degree of plasticity. It undergoes changes in its 
genetic make up throughout the course of the infection. As a 
result of these genetic changes, the virus may become more 
lethal towards T helper cells, or may become more capable 
of evading the immune mechanisms of the body. The fact 
that the HIV mutates within the host has made it all the 
more diffi cult to develop an AIDS vaccine.

4. CD stands for cluster designation. It identifi es the surface 
molecules of leucocytes (specially lymphocytes) in terms of 
the groups, or clusters, of monoclonal antibodies which rec-
ognize them. Thus CD3 is a marker of all T cells, whereas 
CD4 is present only on T-helper cells, and CD8 is present 
on cytotoxic T cells. The absence of CD3 together with the 
presence of CD16 or CD56 or both is characteristic of natu-
ral killer cells. The list of CD markers currently goes up to 
about 170.

5. Jaks stands for Janus kinases. Janus is a double-headed 
ancient Italian god. Jaks also have two ‘heads’—one facing 
outwards, and the other facing the cytoplasm. Jaks are mol-
ecules associated with cytokine receptors. The cytokine-
receptor interaction induces Jak aggregation and activation, 
which in turn leads to tyrosine phosphorylation in various 
signaling proteins. The signaling proteins take the message 
from the cytoplasm to the nucleus where they modify gene 
expression.

6. Stats stands for signal transducers and activators of tran-
scription. Phosphorylation of Stat by Jaks leads to its dimer-
ization and translocation to the nucleus where it activates 
transcription of target genes.
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2.9
Physiological Basis of 
Transfusion Medicine

The attitude of medical men to blood transfusion has passed 
through several vicissitudes during the last three centuries. 
Starting with the days of Hippocrates (4th century BC) till the 
17th century, a popular widely advocated practice in medicine 
was the opposite of transfusion, i.e. phlebotomy. The patients 
were bled in an attempt to rid them of foul fl uids. The dis-
covery of circulation by William Harvey in 1628 provided 
the background for a blood transfusion to be conceived. The 
fi rst blood transfusion was carried out by a British Physician, 
Richard Lower, in 1665, but in his experiment both the donor 
and recipient were dogs. All his dog-to-dog transfusions were 
successful because dogs do not have naturally occurring anti-
bodies to blood group antigens. Encouraged by his success, 
he tried his fi rst human transfusion on a volunteer in 1667, in 
which the donor was a sheep. The transfusion was successful, 
and the success was repeated once more during the same year 
on the same volunteer. Richard Lower and his volunteer were 
indeed lucky! Almost simultaneously (actually a few months 
earlier) and independently, a French physician, Jean-Baptiste 
Denis, also carried out a sheep-to-man blood transfusion suc-
cessfully. The success story was repeated on a second patient, 
but the third time luck failed them. The third patient died, not 
immediately but soon enough for the death to be linked to the 
blood transfusion. As a result, the tide turned against blood 
transfusion and the practice was stopped in 1668, within a 
year of starting it. It was just as well that it happened that way 
because the 1667 blood transfusions were neither done with 
any understanding of what makes one blood compatible with 
another, nor were the transfusions given for the right reasons. 
The indications of blood transfusion in 1667 were psychosis 
and chronic diseases for which no cure was known. Following 
the premature blundering with blood transfusions in 1667, not 
many transfusions were performed for about 150 years.
 In the seventeenth century, Harvey’s discovery of circu-
lation provided the stimulus for blood transfusion. Similarly, 
Lavoisier’s discovery in the eighteenth century of the role of 
blood in transporting oxygen from the lungs to the tissues pro-
vided the rational basis of blood transfusion. The connection 
between the function of blood and potentially rational use of 
blood transfusion was fi rst seen by the British physiologist and 
obstetrician, James Blundell in 1817. He used blood transfu-
sion to treat his patients who had bled profusely during deliv-
ery. He also devised a warm water-jacketed blood collection 

funnel, cannulas, syringes and three-way stopcocks which 
made transfusion more convenient. But his success was only 
partial because knowledge of blood groups was still not avail-
able. However, he intuitively expressed the opinion that blood 
transfusion should be only within the same species. This opin-
ion was placed on a scientifi c footing in 1873 when L. Landois, 
Professor of Physiology at Greifswald observed that sheep 
RBC were haemolysed when exposed to human serum. This 
prompted Landois to analyze all the blood transfusions that 
had been documented in the world between 1667 and 1874. 
In 129 of these, in which the donor was an animal, only about 
one-third of the recipients had shown some improvement. In 
the 347 transfusions in which the donor was also human, half 
the recipients had improved. Hence he concluded that human 
beings should be transfused only with human blood.
 The next major advance which really lifted blood transfu-
sion from the level of a chancy operation to that of a procedure 
with a predictable outcome was the discovery of blood groups 
by Karl Landsteiner in 1901. As a result of his discovery typing 
and cross-matching became routine procedures for determining 
the suitability of a donor for a specifi c recipient. Signifi cant 
advances in transfusion technology took place during the two 
World Wars, showing once more that necessity is the mother 
of invention. During the fi rst World War, the techniques of col-
lection and storage of blood were perfected. During the second 
World War, the fractionation of blood into different compo-
nents made great advances, to which Edwin Cohn contributed 
enormously. It was Cohn’s dream that it should be possible to 
use every component of blood in such a way that the patient 
receives exactly what he needs and no part of the donor’s blood 
is wasted. Cohn’s dream has been nearly realized today with 
blood banks offering at least 17 different blood products.
 After reaching a peak, the use of blood and blood prod-
ucts has again received a setback during the last few years. The 
AIDS menace has injected a dose of caution and realism which 
will hopefully lead to a more balanced approach to the thera-
peutic use of blood and blood products.

BLOOD GROUPS
Blood groups are based on the type of antigens present on the 
surface of red blood cells (RBC). There are more than 30 such 
antigens known, but for purposes of blood transfusion very few 
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of them are of practical signifi cance. For all practical purposes, 
the starting point in deter mining the suitability of a donor is 
to type the donor’s as well as recipient’s blood in terms of the 
ABO and the Rh systems of blood grouping. However, this is 
only a starting point: it is necessary, but not suffi cient, because 
many other minor blood group antigens may also occasion-
ally lead to a mismatch reaction. Hence besides ABO and Rh 
grouping, cross-matching of the donor’s and recipient’s blood 
is also important.

ABO System
ABO system of blood grouping is based on the presence or 
absence of two antigens, A and B, on the surface of RBC. If 
either of these antigens is present on the surface of the RBC, it 
can react with the corresponding antibody. Reaction between 
a blood group antigen and its corresponding antibody leads to 
clumping (aggluti nation) of RBC. Therefore blood group anti-
gens are also known as agglutinogens, and the corresponding 
antibodies are called agglutinins. It is understandable that if the 
RBC of an individual carry a particular blood group antigen, 
RBC can circulate safely only if the corresponding antibody is 
not present in the plasma of the same individual. What is not so 
easily understandable is the presence in plasma of antibodies 
corresponding to antigens missing from the RBC (Fig. 2.9.1). 
These facts were fi rst discovered by Karl Landsteiner, and are 
known as Landsteiner’s law. Landsteiner’s law states that 
if an antigen is present on the surface of the RBC, the corre-
sponding antibody is absent in the plasma. Conversely, if an 
antigen is absent, the corresponding antibody is present. The 
law holds good for the ABO system but not for the Rh system.

Rh System
Rh here stands for rhesus monkey. It was observed that if the 
RBC of rhesus monkey are injected into a rabbit, the rabbit 
develops antibodies to the rhesus RBC. Further, it was discov-
ered that rabbit serum containing anti-rhesus antibodies could 
agglutinate not only rhesus RBC but also human RBC in about 
85% cases. It means that these 85% human beings have on their 
RBC an antigen identical to or remarkably similar to rhesus 
RBC. This antigen was therefore named Rh antigen and human 
beings having this antigen were labelled Rh positive. Thus in 
the Rh system, blood may be either Rh positive or Rh negative. 
In Caucasian races about 85% of human beings are Rh positive 
but among the African Blacks almost everyone is Rh positive. 
As may be expected, Rh positive individuals do not have anti-
Rh antibodies in the plasma. But Rh negative individuals also 
do not have anti-Rh antibodies. But if an Rh negative individ-
ual is given Rh positive blood, he develops anti-Rh antibodies.

Inheritance
Blood groups are genetically determined. In general, presence 
of a blood group antigen is a co-dominant characteristic. Hence 
the antigen is present in the phenotype regardless of whether 
the genotype is homozygous or heterozygous (Table 2.9.1). 
However, the homozygous or heterozygous state determines 
the type of contributions the individual can make to the prog-
eny. That is why the blood group of a child may be different 
from that of both parents (Fig. 2.9.2).

Fig. 2.9.1: Blood groups are based on antigenic substances present 
on the red cell surface. Note that the plasma has antibodies to the 
missing red cell antigen(s).

Table 2.9.1: Blood group phenotypes, correspond-
ing genotypes and types of gametes produced.

Phenotype Genotype Gametes

A AA All A
A AO 50% A, 50% O
B BB All B
B BO  50% B, 50% O
AB AB 50% A, 50% B
O OO All O
Rh +ve DD All D
Rh +ve Dd 50% D, 50% d
Rh –ve dd All d

Fig. 2.9.2: Inheritance of blood groups. If the blood group of one 
parent is A, and of the other parent B, and their genotypes are AO 
and BO respectively, there are equal chances that the child’s blood 
group may be AB, A, B or O. Thus the child’s blood group can be 
different from that of parents.

 Knowledge of the mode of inheritance of blood groups 
may be useful in cases of disputed paternity. The issue at 
stake is whether a particular man could have been the father 
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of a given child. Knowing the blood groups of the couple and 
the child, we can say either that the man could not have been 
the father of the child, or that the man might have been the 
father. The negative verdict is defi nitive: it rules out the pos-
sibility of a given man being the father. But blood groups 
can never prove that a particular man is the father of a given 
child. All that we can say on the basis of blood groups is 
that the man can be one out of several other possible men, 
any of whom could have fathered the child. For example, if 
the child’s blood group is AB, no matter what the mother’s
blood group was, the father could not have had blood group O.

BLOOD TRANSFUSION
The best way to replace any signifi cant blood loss is a blood 
transfusion. Prior to the transfusion it is important to match 
the donor’s and recipient’s blood. This is usually done in two 
stages; fi rst, the ABO and Rh groups of the donor and recipi-
ent are matched; second, the donor and recipient’s blood are 
cross-matched.

Grouping
Any sample of blood can be typed by observing how its RBC 
react to a known anti-serum. In practice, a drop of blood 
diluted in saline is brought in contact with a drop each of anti-
A, anti-B and anti-Rh sera, and saline (control) on a tile or on 
slides. Naked eye examination after a few minutes is usually 
suffi cient to say whether agglutination of RBC has taken place. 
If the procedure has been done on slides, presence or absence 
of agglutination may be confi rmed under the microscope. The 
interpretation is quite simple in light of the facts already dis-
cussed (Table 2.9.2).

Cross-matching
Mismatch transfusion reactions may occur even if blood 
groups of donor and recipient are identical. This is due to the 
donor and recipient being different with respect to many minor 
blood group antigens which are ignored in ABO and Rh typing. 
Hence transfusion is safe only after the donor and recipient’s 
blood have passed the cross-matching test. In the cross-match-
ing test, blood of the donor is diluted with saline so that we 
get a suspension of RBC. This suspension is brought in contact 
with the patient’s plasma or serum on a slide or tile. The donor 

is considered suitable for the recipient only if there is no agglu-
tination observed.
 As you might have noticed, in cross-matching we match 
only the red cells of the donor with the plasma of the recipient. 
This is important to ensure that antibodies present in the recipi-
ent’s plasma do not damage the donor’s RBC. Cross-matching 
the donor’s plasma and the recipient’s RBC is not important 
because the small volume of donor’s plasma is diluted in a 
large volume of the recipient’s plasma. Hence the titre of anti-
bodies present in donor’s plasma falls to such a low level after 
transfusion that they are quite unlikely to damage the RBC of 
the recipient.

Universal Donor and Recipient
As we have seen above, it is essentially red cells of the donor 
and plasma of the recipient which determine their compatibil-
ity. Based on this concept, Group O individuals are sometimes 
considered universal donors (i.e. their blood can be given to 
anyone) because their red cells have no antigen. Similarly 
Group AB individuals are some times called universal recip-
ients (i.e. they can receive blood from anyone because their 
plasma has no antibody. But the labels of universal donor and 
recipient are misleading and erroneous. In spite of the basis of 
the concept being broadly true, using it in practice may lead 
to mismatch reactions due to many minor groups. Hence it is 
always preferable to give blood of the same group as that of 
the recipient, and that too after cross-matching. However, in 
an emergency, if blood of the appropriate group is not avail-
able, the concept of universal donor and recipient, preferably 
coupled with cross-matching, may be used while selecting the 
donor.

Reactions to a Mismatched Transfusion
The reactions to a mismatched transfusion are primarily the 
result of agglutination of donor red cells followed by their 
haemolysis. The haemolysis may be immediate and severe, 
or delayed and mild. The haemolysis may be so mild as to be 
inapparent, or may lead to only mild jaundice. Occasionally the 
haemolysis is so severe as to lead to renal failure. Haemolysis 
may lead to renal failure by several mechanisms. First, toxic 
products released by haemolysed blood may produce renal 
vasocons triction. Second, the patient may go into circulatory 
shock, which in turn leads to poor renal blood fl ow. Third, 
and the worst compli cation is that haemoglobin released from 
haemolysed red cells may block renal tubules.

Other Complications of Blood Transfusion
Besides the reactions due to immunological incompati-
bility, there are a few other risks also associated with blood 
transfusion.

Circulatory Overload
In case blood transfusion is given not to replace fl uid loss but 
simply to supplement one component of blood, e.g. red blood 
cells, the additional volume of the transfused blood might 
overload the circulatory system. This is particularly likely 
to happen if cardiac or renal function is already impaired. 
Circulatory overload tends to produce failure of both right and 

Table 2.9.2: Determination of blood group

  Reaction with  
Blood Group

 anti-A anti-B anti-Rh  

 + – + A, Rh positive
 + – — A, Rh negative
 – + + B, Rh positive
 – + – B, Rh negative
 + + + AB, Rh positive
 + + – AB, Rh negative
 – – + O, Rh positive
 – – – O, Rh negative

+, agglutination –, no agglutination
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left ventricles. Right ventricular overload is indicated by a rise 
in central venous pressure, which may be detected clinically by 
a rise in jugular venous pressure. Left ventricular overload is 
indicated by dyspnoea and sometimes pulmonary oedema.

Transmission of Infections
Infections which may be transmitted by blood transfusion 
include malaria, viral hepatitis, syphilis and acquired immu-
nodefi ciency syndrome (AIDS). The risk can be reduced by 
appropriate screening of donors before their blood is accepted.

Rh INCOMPATIBILITY
Rh incompatibility sometimes leads to complications which 
are generally not seen with other types of mismatched transfu-
sions. If an Rh negative individual is given Rh positive blood, 
there is no immediate adverse reaction because Rh negative 
individuals do not normally have anti-Rh antibodies which 
may damage the donor red cells. However, the donor red 
cells induce an immune response in the recipient, as a result 
of which anti-Rh antibodies are synthesized. But it takes 2-4 
months before a signifi cantly high titre of anti-Rh antibodies 
is achieved. By this time, most of the donor red cells have died 
a natural death. And, the anti-Rh antibodies can do no harm to 
the Rh negative red cells of the recipient. Hence the fi rst trans-
fusion of Rh positive blood into an Rh negative individual may 
pass completely silently. However, if the same Rh negative 
individual receives a second Rh positive blood transfusion any 
time later in life, the memory cells ensure that anti-Rh antibod-
ies are synthesized in large amounts promptly. Thus the second 
transfusion acts as a booster dose, and a high titre of anti-Rh 
antibodies is achieved briskly (Fig. 2.8.5). As a result donor red 
cells are damaged and a typical mismatch reaction takes place. 
Since anyone may need a second blood transfusion later in life, 
an Rh negative individual should never be given Rh positive 
blood.

Special Risk in Girls: Erythroblastosis Foetalis
Besides the risk of a mismatch reaction during a second or 
any subsequent blood transfusion, giving Rh positive blood 
involves a special risk in case of young Rh negative girls. This 
is because of a possible complication during pregnancy if the 
girl happens to have an Rh positive foetus in her uterus any 
time later in life.
 An Rh negative woman is quite likely to get married to an 
Rh positive man because Rh negative individuals are rather 
uncommon. If their progeny also happens to be Rh positive, 
some Rh positive red cells of the foetus might cross the pla-
centa and enter the maternal circulation. In the mother these 
Rh positive cells evoke an antibody response. These antibod-
ies can once again cross the placenta and damage the foetal 
red cells because they are Rh positive. If the mother has never 
had an Rh positive blood transfusion earlier, and this is her 
fi rst pregnancy, she would take a few months to mount an anti-
body response to the foetal cells, and initially the antibody titre 
will be very low. By the time the antibody titre reaches a high 
level, the pregnancy would be over. Hence the consequences 
of Rh incompatibility between the mother and the foetus are 

generally not very serious during the fi rst pregnancy. However, 
similar incompati bility during the subsequent pregnancies car-
ries a higher risk because the mother’s memory cells preserve 
her capacity to respond promptly and effectively to an expo-
sure to Rh positive red cells. In case the Rh negative mother 
has received an Rh positive blood transfusion before her fi rst 
pregnancy, her immune system is already prepared to respond 
to Rh positive red cells with an antibody response. Hence in 
that case, the consequences of Rh incompatibility can become 
serious even during the fi rst pregnancy. Therefore in case of an 
Rh negative female who is not yet through with her reproduc-
tive life, there is an additional reason why she should not be 
given an Rh positive blood transfusion.
 The serious consequences of Rh incompatibility for the 
foetus are called erythroblastosis foetalis. Since foetal red cells 
undergo massive haemolysis, there is a compen satory increase 
in erythropoietic activity. There fore immature red cells (differ-
ent types of erythroblasts) may also be released into the cir-
culation. Hence the term erythro blastosis. Excessive erythro-
poiesis may involve also extramedullary sites such as liver 
and spleen. Thus, liver and spleen may be enlarged (hepat-
osplenomegaly) because of being engaged in erythropoiesis. In 
spite of the erythropoietic activity, the child is often anaemic. 
Besides anaemia and hepatosplenomegaly, the newborn may 
have haemolytic jaundice. If the bilirubin level exceeds 20 mg/
dL, the newborn may also suffer brain damage. This happens 
because in infants the blood-brain barrier is still not well devel-
oped. Bilirubin crosses the barrier, gets deposited in the areas 
of the brain with maxi mum affi nity for bilirubin, and damages 
these areas. The areas most frequently damaged are those con-
cerned with motor movements, and are called the basal gan-
glia. The condition is known as kernicterus.
 The chances of any apparent abnormalities resulting from 
Rh incompatibility are negligible during the fi rst pregnancy, 
3% during the second, and 10% during the third. This rather 
infrequent occurrence of complications is due to the following 
factors:
1. Red cells of the foetus are unable to cross a normal placenta. 

Hence there has to be some abnormality in the placenta 
before the foetal red cells can enter the maternal circulation.

2. Foetal red cells may be destroyed by maternal plasma 
before they can induce an antibody response. For exam-
ple, if the mother is O Rh negative, and the foetus is A Rh 
positive, foetal red cells would be haemolysed by the anti-A 
antibodies present in the maternal plasma.

3. The foetus may be Rh negative. This is possible if the father 
is heterozygous for the Rh antigen (Fig. 2.9.3).

 That is why fortunately most marriages where the wife is 
Rh negative and the husband is Rh positive lead to no com-
plication. Further, even in cases where there is a complication 
in one pregnancy, the subsequent pregnancy may still pass off 
quite normally if the foetus is Rh negative.
 However, if a baby is born with erythroblastosis foe talis, it 
may be treated with an exchange transfusion. A small quantity 
of the baby’s blood is removed, and an equivalent quantity of 
Rh negative blood is transfused. The maternal anti-Rh antibod-
ies inherited by the baby cannot damage the transfused Rh neg-
ative cells. The procedure has to be repeated periodically for 

2.9.indd   912.9.indd   91 8/23/2010   12:00:00 PM8/23/2010   12:00:00 PM

tahir99-VRG & vip.persianss.ir



SE
C

T
IO

N
 2

: 
Bl

o
o
d

92

a few weeks till the maternal antibodies have been degraded 
in the normal course. These days an exchange trans fusion can 
even be performed in utero on the fetus if necessary.
 Although erythroblastosis foetalis may be treated by 
exchange transfusion, prevention is better than cure. Prevention 
is routinely attempted by giving the mother anti-Rh antibodies 
(also called anti-D) during pregnancy. These antibodies pre-
vent the complications of Rh incompatibility possibly through 
two mechanisms:
1. The anti-Rh antibodies destroy the foetal red cells which 

crossover to the maternal circulation. Thus the antigenic 
stimulus is eliminated or at least reduced.

2. Antibody production is subject to feedback regulation 
(Chapter 2.8). High antibody levels inhibit the production 
of more of the same antibody molecules. Hence by giving 
exogenous anti-Rh antibodies, the production of the same 
endogenous antibodies is suppressed.

 Thus by providing the mother passive immunity against 
Rh positive red cells, development of active immunity is 
inhibited.

BLOOD PRODUCTS AND SUBSTITUTES
Among the situations in which blood transfusion is given, there 
are many in which it is only a component of blood that is really 
required. In such cases, giving just a blood product or substi-
tute may have several advantages, such as lower risk of trans-
mitting infections, transfusion reaction or circulatory overload, 
and the possibility of using the same blood for more than one 
patient.

Packed RBC
Packed RBC may be prepared by sedimentation or centrifu-
gation followed by removal of plasma. Packed RBC are indi-
cated when the objective is only to supple ment oxygen carry-
ing capacity of the patient’s blood, as in severe anaemia, spe-
cially hypoplastic or haemolytic anaemia. The advantages of 
packed RBC as compared to whole blood are that circulatory 
overload can be prevented, burdening the body with sodium, 
potassium and other electrolytes can be prevented, and plasma 

can be used for other patients as such or in the form of plasma 
products.

Platelet Concentrate
Platelet concentrates are prepared by centrifuging platelet-rich 
plasma. The indications for these concen trates are (a) pro-
longed surgery, during which the patient’s own platelets may 
be used up in stopping surgical bleeds, (b) massive blood trans-
fusion with stored blood, which replaces fl uid and red cells but 
not platelets or white blood cells, (c) leukaemias and lympho-
mas, where platelet production may be reduced because meg-
akaryocytes are crowded out of the bone marrow by malignant 
cells, and (d) patients receiving radiotherapy or chemotherapy 
for malignancy, who may develop a low platelet count because 
anticancer treatment suppresses rapid cell division, including 
that in the bone marrow.
 Platelet concentrates should be given only when absolutely 
necessary (platelet count less than 10,000/cu mm) because of 
their highly immunogenic nature. Grouping and cross-match-
ing should be done as for whole blood transfusion because 
it is almost impossible to remove all RBC from a platelet 
concentrate.

WBC Concentrate
A WBC concentrate may be prepared from fresh blood by 
leukapheresis. Selective infusion of WBC may be required in 
a patient with granulocytopenia or immuno defi ciency due to 
any cause (e.g. radiotherapy or chemo therapy for malignancy), 
specially if an infection unresponsive to appropriate antibiotic 
therapy is present.

Fresh Frozen Plasma
Fresh frozen plasma may be used as plasma for replacement of 
fl uids lost from the body (as in burns), or as a source of clotting 
factors or immunoglobulins.

Freeze Dried Plasma
Freeze dried plasma may be reconstituted in sterile distilled 
water and given as replacement of lost fl uids.

Albumin
An albumin solution is a good plasma substitute for replac-
ing fl uid volume because albumin has a high enough molecu-
lar weight to stay in the circulation (instead of being excreted 
by the kidneys), and yet a lower molecular weight than other 
plasma proteins so that weight for weight, albumin has a higher 
osmotic pressure. Besides fl uid loss, albumin infusion is also 
indicated in liver disease (because the patient’s own liver 
cannot synthesize enough albumin) and renal disease (because 
diseased kidneys may let albumin pass in the urine). Albumin 
has one special advantage over whole plasma. It carries less 
risk of transmitting an infection because albumin is a heated 
product.

Immunoglobulins
Like the WBC concentrates, immunoglobulin prepara tions are 
also used in immunodefi cient patients to prevent infection. 
Anti-D immunoglobulin is used for inhibiting the development 

Fig. 2.9.3: If the mother is Rh negative and the father is Rh positive 
(hetero zygous), there are equal chances for any of the children to 
be Rh positive or Rh negative.
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of endogenous immune response to Rh antigen as discussed 
earlier.

Clotting Factor Concentrates
These concentrates provide highly specifi c therapy for clot-
ting factor defi ciencies such as haemophilia. But since these 
concentrates are prepared from pooled plasma of thousands of 
donors, and the patients need repeated life-long therapy, the 
chances of transmitting AIDS are extremely high. Therefore it 
is important to use only heated preparations.

Plasma Substitutes
Besides plasma protein fractions and albumin, fl uid loss may 
also be replaced by a solution containing low mole cular weight 
Dextran (a polysaccharide), or just normal saline or Ringer-
lactate solution. Dextran stays in the circulation longer than 
saline but may not be always available. These non-blood sub-
stitutes avoid the risks inherent in blood products although they 
are less effi cient as volume expanders.
 Blood transfusion is not an unmixed blessing. Although it 
has been rendered fairly safe by advances in our knowledge 
during this century, there are still many inherent problems 
specially highlighted by the AIDS menace recognized during 
the last decade. Hence the dictum should be to use blood only 
when it is a must. It is no longer justifi ed to give a unit of blood 
to a patient preoperatively merely in anticipation of blood loss 
that might occur during surgery. The next most important pre-
caution is to accept blood only from voluntary donors after 
thorough screening.

QUESTIONS AND PROBLEMS
1. In the ABO system, if a blood group antigen is absent, why 

is the corresponding antibody present?
2. Complete the following table:

Child’s Child’s Mother’s Possible Contribution Father Father
blood genotype blood contribution of father might could not
group  group of mother  have been have been

A AA A or AB
 AO B
B BB B or AB
 BO O
AB AB A
 AB B
O OO A
 OO B

3. What is the youngest and oldest age at which a person may 
donate blood?

4. Why is circulatory overload following blood transfusion 
more serious if the patient has renal disease?

5. Should donor and recipient plasma be matched prior to 
transfusion?

6. Why does ABO incompatibility not give rise to haemolytic 
disease of the newborn (HDN) the way Rh incompatibility 
may?

7. In case of Rh incompatibility, why does anti-D given dur-
ing pregnancy not damage fetal red cells the way naturally 
induced antibodies may?

ANSWERS AND SOLUTIONS
1. The antibodies do not apparently serve any purpose. They 

are not even present in the newborn. They are induced 
after birth, reaching demonstrable levels at 3-6 months of 
age. Their induction is thought to be due to the similar-
ity between blood group antigens and bacterial antigens. 
Bacterial antigens belonging to the intestinal fl ora possi-
bly get absorbed and induce antibody response. Only those 
antigens which are similar to the blood group substances 
not present in the individual are able to induce an antibody 
response because only these are recognized as non-self. The 
possibility of antigens getting absorbed intact from the gut 
is greater in infants because their gut is relatively more per-
meable to the large protein molecules than that of adults.

2.

Child’s Child’s Mother’s Possible Contribution Father Father
blood genotype blood contribution of father might could not
group  group of mother  have been have been

A AA A or AB A A A or AB O or B
 AO B O A A or AB O or B
B BB B or AB B B B or AB O or A
 BO O O B B or AB O or A
AB AB A A B B or AB O or A
 AB B B A A or AB O or B
O OO A O O A or B AB
     or O 
 OO B O O A or B AB
     or O 

3. Generally blood is accepted only from donors above 18 but 
below 60 years of age.

4. If renal function is normal, kidneys respond to circulatory 
overload by excreting more fl uid (Chapter 2.11). If kidneys 
fail to do so, the overload becomes more diffi cult to correct.

5. Although donor plasma is diluted in a large volume of the 
recipient’s plasma, ideally they should be matched. Either 
the donor and recipient should belong to the same group, or 
donor plasma belonging to group AB (i.e. without anti-A or 
anti-B) should be used. In addition, precautions about pos-
sible transmission of diseases and circulatory overload are 
necessary even for plasma transfusion.

6. ABO incompatibility only rarely produces HDN severe 
enough to require treatment. The reason perhaps is that pla-
centa is not as permeable to anti-A and anti-B antibodies as 
to anti-Rh antibody.

7. This is possibly because of the small quantity and limited 
life of the antibody injected. It neutralizes the foetal Rh 
positive cells which have leaked into the maternal circula-
tion, and its titre keeps falling. On the other hand, antibod-
ies induced in the mother can be produced continually and 
in ever-increasing titre.
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2.10
The Physiology of 

Haemostasis

Haemostasis (haima, blood; stasis, standing) is a collective 
term for mechanisms which prevent blood loss.1 The mecha-
nisms include conversion of blood into a solid gel (coagula-
tion). While coagulation is a life-saving device, it is equally 
important that blood should not coagulate while it is fl owing in 
the blood vessels. Hence haemostasis is a delicately balanced 
process. It depends on the appro priate interaction of mecha-
nisms which tend to keep the blood fl uid, and those which 
tend to coagulate it. The balance is normally so perfect that all 
bleeding is abnormal except periodic loss of a limited quantity 
of blood in the fair sex during the fairest phase of its life.
 Before going into a comprehensive treatment of haemo-
static mechanisms, it would be appropriate to get introduced to 
the blood cells known as platelets because these participate in 
almost all stages of haemostasis.

PLATELETS
Platelets (literally, a small plate), also known as thrombocytes 
(thrombos, lump or clot; kytos, cell) are small (2-4 microns), 
irregularly shaped blood cells. They contain no nucleus but 
mitochondria are present. The char acteristic features of plate-
lets are an extensive canalicular system and a microtubular 
system composed of contractile proteins. Besides the presence 
of contractile proteins (actin and myosin), the metabolic path-
ways of platelets are also remarkably similar to those of skel-
etal muscle. As we shall see later in the chapter, the contractile 
activity of platelets also contributes to haemostasis.
 The normal platelet count is 150,000 to 400,000 per cu 
mm. The circulating platelets represent about two-thirds of the 
platelet pool of the body. The remaining one-third reside in the 
spleen, and can be mobilised by epinephrine. This is a physi-
ologically meaningful arrangement because mobilizing plate-
lets is important during bleeding; bleeding is an acutely stress-
ful condition, and an acute stress releases epinephrine from the 
sympatho-adrenal system. Thus the spleen acts as a reservoir of 
platelets, as it does of the erythrocytes as well.

Formation and Fate of Platelets
Platelets are formed in the bone marrow (Plate 3B). Platelets 
are the smallest blood cell but have the largest precursor cell. 
The precursor cell, called a megakaryocyte, is a large (35-160 
micron diameter) multinucleated cell. The nucleus is multi-
lobed in appearance, and has chromatin material equivalent 
to that of 4 to 16 nuclei (8 N to 32 N chromosomes). These 
facts suggest that the nucleus has divided repeatedly, and the 
cytoplasm has grown correspondingly, but the cell has not 
divided into daughter cells. Megakaryocytes develop demar-
cation membranes within their cytoplasm and then form 
pseudopodia-like processes. The processes may penetrate the 
endothelial lining of the bone marrow sinusoids. Then the 
processes split along the demarcation membranes. Each of 
cyto plasmic fragments so formed is a platelet. One megakaryo-
cyte forms 2000 to 4000 platelets by this process of fragmenta-
tion. The nucleus of the megakaryo cyte also possibly escapes 
into the circulation and is phago  cytosed by macrophages in the 
lungs.
 The lifespan of platelets is 9-12 days. They are 
destroyed in the spleen. Thus the spleen serves as both 
the graveyard and reservoir (see above) of platelets. 
Death of a platelet may be due to senescence or random 
destruction.2

 Formation of platelets (thrombopoiesis) and destruc-
tion of platelets are delicately balanced. Hence the number 
of circulating platelets fl uctuates within only a narrow range. 
Thrombopoiesis seems to be regulated by a group of humoral 
factors collectively called thrombo poietins. The existence of 
thrombopoietins is suggested by the fact that if the serum of 
an animal rendered thrombopenic (i.e. low platelet count) by 
irradiation is injected into a normal animal, the normal animal 
responds by manufacturing an excess of platelets. At least one 
source of a thrombopoietic substance is kidney. There are pos-
sibly other sources of thrombopoietins too because an anephric 
animal (i.e. without kidneys) is also able to regulate its platelet 
count.

1 The meaning of the word haemostasis is quite clear because ‘haem’ refers to blood. The word is sometimes needlessly confused with homeostasis 
(homoios, similar; stasis, position) which means constancy of the internal environment. Haemostasis makes an important contribution to homeostasis.
2 Death due to senescence is due to decline in vitality as a consequence of age. Random death is unrelated to age, and may be considered accidental. Both 
types of death occur in whole living organisms too.

2.10.indd   942.10.indd   94 8/23/2010   12:00:11 PM8/23/2010   12:00:11 PM

tahir99-VRG & vip.persianss.ir



C
H

A
PT

ER
 2

.1
0

: T
h
e Ph

ysio
lo

g
y o

f H
aem

o
stasis

95

Functions of Platelets
We have moved far since the platelets were considered inert 
particles. They contain more than 90 enzymes and a wide vari-
ety of other substances. Their chemical composition is, how-
ever, controversial because platelets behave like a sponge. They 
adsorb a wide variety of substances so that it is sometimes dif-
fi cult to determine which chemicals are part of the platelets, 
and which are merely adsorbed on the platelet surface. The 
functions of platelets are primarily related to haemostasis.
a. Serotonin released by platelets contributes to the vasocon-

striction observed immediately after a vascular injury.
b. Platelets aggregate to plug the vascular injury.
c. Platelets provide platelet factor 3 which accelerates the 

process of clotting.
d. Contractile proteins of the platelets bring about clot 

retraction.
e. Platelets have a growth factor which stimulates mitosis in 

the vascular wall. This factor is likely to be of use in repair 
of the damaged vessel walls.

 Thus platelets seem to be involved in all stages of haemos-
tasis—from the initial reaction till the fi nal repair. Some of 
the haemostatic mechanisms have been considered at length 
below.

HAEMOSTATIC MECHANISMS
An injury interrupts the continuity of blood vessels. As a result, 
blood oozes out of the blood vessels into the interstitial space. 
The seepage is more in lax tissues, and may lead to a hae-
matoma. Although a haematoma looks ugly, the seepage serves 
a purpose. It raises the pressure in the interstitial spaces. When 
this pressure rises above the intravascular pressure bleeding 
stops. When the blood loss is heavy, another phenomenon con-
tributes to the same end. There may be a generalized fall in 
arterial blood pressure which reduces the intravascular pres-
sure at the site of injury as well. This accelerates reaching the 
stage when extra vascular pressure exceeds the intravascular 
pressure.
 Trauma to the blood vessels acts as a mechanical stimu-
lus for the smooth muscle in the vascular wall. Smooth muscle 
responds to the mechanical stimulus by contraction. Contraction 
of the vascular smooth muscle leads to vasoconstriction. 
Vasoconstriction tends to stop bleeding. Vasoconstriction is 
achieved also by another mechanism. Vascular injury attracts 
platelets. Platelets release 5-hydroxytryptamine (5-HT, serot-
onin), which is a potent vasoconstrictor, at the site of injury.
 Collection of platelets at the site of injury also leads to 
aggregation of platelets because of their stickiness. The platelet 
plug serves as a poor but prompt stopper which tends to stop 
the bleeding effi ciently.
 The platelet plug is friable, and cannot be relied upon to 
check bleeding for very long. A better plug is provided by a 
blood clot. Clotting (coagulation) of blood takes a few minutes 
during which the other faster mechanisms provide fi rst aid. The 
initial clot soon becomes more fi rm and smaller as a result of 
clot retraction. But even then the clot is not the perfect solution 
to a vascular injury. The injured cells should be replaced by 
similar cells by regeneration, or at least by fi brous tissue. The 

The Lung-Finger Linkage

Clubbing of fi ngers is a common clinical sign pointing to inad-
equate oxygenation of blood. An increase in the thickness of 
the nail bed and of the soft tissues below it leads to the tips of 
the fi ngers becoming swollen and curved. Histologically, the 
clubbed fi ngers show increased vascularity and white blood 
cell infi ltration. It was generally assumed, without much sup-
porting evidence, that clubbing is because of impaired oxy-
genation of blood in the lungs leading to the lungs either 
failing to remove a clubbing-producing substance, or failing 
to add a clubbing-preventing factor. Recently, clubbing has 
been linked to the role that lungs normally play in the pro-
duction of platelets. Megakaryocytes released by the bone 
marrow are normally fragmented into platelets in the lungs. 
In some disease states, the lungs may fail to perform this 
function adequately. The result is that megakaryocytes may 
collect at fi nger tips, leading to high concentrations of plate-
let-derived growth factor (PDGF) locally. PDGF, and some 
other cytokines that may be released simultaneously, may 
be responsible for the growth of new blood vessels and the 
infl ammatory response characterizing clubbing. That is why 
clubbing is particularly marked in those congenital heart dis-
eases in which the venous blood is shunted into the arterial 
blood without passing through the lungs.

process of repair takes a few days. But when repair has reached 
a stage which is suffi cient to prevent bleeding, the clot dis-
solves. In keeping with our requirements, the mechanisms for 
clot dissolution are much slower than those for clot formation. 
Thus haemostasis is the result of a series of well coordinated 
events. Now we shall discuss one of the haemostatic mecha-
nisms, i.e. coagulation of blood, in some detail.

COAGULATION OF BLOOD
Coagulation is the end result of a series of chemical reactions 
involving plasma proteins. The reactions form a cascade of the 
type illustrated in Fig. 2.10.1. The product of each reaction 
serves as an enzyme which catalyzes the next reaction. The 
advantage of cascade reactions is the high degree of amplifi ca-
tion they can achieve. For example, in Figure 2.10.1 a small 
quantity of Aa can catalyze the activation of a large quantity 
of B. The product Ba can then catalyze the activation of a still 
larger quantity of C, and so on. In this way the quantity of Ea 
formed is much larger than could be formed in a single reac-
tion. In the coagulation cascade, each reaction is a proteolytic 
reaction. Thus each activated factor is the result of split ting off 
of a peptide fragment from the inactive factor.
 The various participants in the coagulation cascade are 
called factors, and have been assigned a Roman numeral. The 
end product of coagulation is a network of fi brin threads in 
which blood cells get trapped. The precursor of fi brin is the 
plasma protein, fi brinogen (Factor I). Conversion of fi brino-
gen into fi brin is brought about by thrombin, which in turn is 
formed from the plasma protein, prothrombin (factor II). The 
cascade of coagu lation reactions is directed at making the 
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prothrombin activator, sometimes also called prothrombinase 
or thromboplastin (Fig. 2.10.2).
 Prothrombin activator is essentially synonymous with 
activated factor X.3 However, the activity of the prothrombin 
activator can be increased many fold by factor V and platelet 
factor 3. Activated factor X may be generated by two alter-
native series of reactions. One of these involves only factors 
present in the blood. Hence it is called the intrinsic pathway. 
The other pathway needs fewer factors from blood, but some 
substances released from damaged tissues also participate in it. 
Hence it is called the extrinsic pathway (Fig. 2.10.3). Calcium 
ions (Factor IV) are required at all steps of the coagulation cas-
cade except the fi rst two reactions in the intrinsic pathway. But 
generally we do not have to worry about the necessity of cal-
cium ions because a level of calcium ions which is compatible 
with life is also suffi cient for coagulation reactions. However, 
the necessity of calcium is made use of to prevent coagulation 
in vitro by using calcium binding agents.
 Platelets also participate in both the intrinsic and extrinsic 
pathways. They provide a phospholipid called platelet factor 3, 
which for some curious reason is generally written as an Arabic 
numeral.
 It is worth noting that factor VII is required only in the 
extrinsic pathway. The signifi cance of the two pathways is now 
thought to be as follows: Following injury, tissue factor and 
factor VII initiate coagulation by the extrinsic pathway. But 
activation of factor X by the extrinsic pathway is subject to 
feedback inhibition by a proteinase inhibitor, tissue factor path-
way inhibitor (TFPI). Owing to TFPI-mediated inhibition, sus-
tained haemostasis requires activity of the intrinsic pathway. 
There is no factor VI because factor VI originally referred to 
activated factor V. Now the expression factor VI is no longer 
used.
 As seen in Fig. 2.10.3, thrombin not only converts fi brino-
gen into fi brin, it also catalyzes the conversion of more pro-
thrombin into thrombin. Thus, once some thrombin has 

been generated, the reaction becomes autocatalytic. Further, 
thrombin also activates factor XIII, the fi brin stabilizing factor. 
Activated factor XIII converts the urea-soluble fi brin monomer 
into a more stable, urea-insoluble fi brin polymer.

Vitamin K and Coagulation of Blood
Vitamin K is a fat soluble vitamin obtained from green leafy 
vegetables. Some of the vitamin K synthesized by bacteria 
residing in the large intestine is also available to us. Vitamin K 
functions as a cofactor for synthesis of prothrombin and factors 
VII, IX and X in the liver. Drugs of the coumarin group (e.g. 
Dicumarol), which are sometimes used as anticoagulants, act 
by antagonizing the action of vitamin K. These drugs resemble 
vitamin K in structure. Hence they competitively inhibit the 
action of vitamin K in the liver and thereby induce a defi ciency 
of prothrombin and factors VII, IX and X. Defi ciency of these 
coagulation factors impairs the coagulation of blood.

Dissolution of the Clot
To some extent, the clot carries within itself the seeds of its 
own death. Fibrin threads adsorb thrombin, thereby apply-
ing a brake to the clotting process. This process counte racts 
the positive feedback resulting from thrombin acting as a pro-
thrombin activator as well. Further, there exists in the plasma 
a system specifi cally desig ned to dissolve fi brin by means of a 
proteolytic enzyme, fi brinolysin (plasmin). Fibrinolysin exists 
in the plasma as a precursor, profi brinolysin (plasminogen). 
Activators as well as inhibitors of plasminogen exist in the 
body (Fig. 2.10.4). When a clot is formed, the balance is tilted 
in favor of activators of plasminogen. One of the sources of 
plasminogen activator is veins, and one of the stimuli for its 

Fig. 2.10.1: A cascade of reactions

Fig. 2.10.2: The basic reactions involved in coagulation.

3 After the initial discovery of clotting factors, each factor was given a long descriptive name. The complexity of the reactions made it inevitable that 
sometimes the same factor was given multiple names. The current system in which each factor is identifi ed by a Roman numeral is an attempt at 
simplifi cation.

Fig. 2.10.3: The reactions involved in intrinsic and extrinsic systems 
of coagulation.
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release is ischaemia of the venous wall. The clot may produce 
the ischaemia by obstructing blood fl ow through the region. 
Other stimuli which tend to activate plasminogen are adren-
aline, exercise and stress. All these factors are likely to be 
present in an emergency associated with bleeding. Thus a situa-
tion in which clotting is induced, fi brinolysis is also stimu lated. 
The effi cacy of the haemostatic mechanism lies in the rate at 
which both these processes occur. Clotting is a much faster 
process as compared to fi brinolysis. The gap gives enough time 
for healing through regeneration to advance suffi ciently so that 
the clot is no longer necessary. In fact, when heal ing of the vas-
cular injury has progressed to a stage ade quate to check bleed-
ing, dissolution of the clot is necessary to restore normal blood 
fl ow through the blood vessel.

What Keeps Blood Fluid
Fluidity of blood is normally the result of an appropri-
ate balance between factors which promote coagula-
tion and those which prevent it. The factors which prevent 
fl owing blood from clotting in blood vessels are possibly the 
following:

1. Vascular Endothelium
The smooth vascular endothelium perhaps helps by deny ing 
the rough surface needed for activation of factor XII.

2. Thrombomodulin
Thrombomodulin is an endothelial cell membrane protein 
which binds thrombins (Fig. 2.10.5). Thus any thrombin 
formed is removed, and becomes unavailable for promoting 
clotting. Further, the thrombomodulin-thrombin combination 
activates a plasma protein, Protein C. Activated Protein C in 
turn inactivates factors V and VIII, thereby paralyzing both the 
intrinsic and extrinsic systems of coagulation.

3. Heparan Sulphate-Antithrombin III System
Heparan sulphate is a heparin-like substance that coats the 
vascular endothelium. Heparan sulphate enhances the activity 
of a plasma protein antithrombin III (AT III) several hundred-
fold. Thus the heparan sulphate-antithrombin III combination 
acts as a very potent anti thrombin. The fi gure III is added to 
antithrombin mainly for historical reasons. Today almost all 
the antithrombin activity of plasma is thought to reside in AT 
III.

4. Negative Feedback
If thrombin is formed, it tends to get absorbed on fi brin threads, 
thereby applying a brake to further fi brin formation. Also, for-
mation of fi brin is associated with activation of profi brinolysin, 
which tends to dissolve the clot. Thus the process of coagula-
tion activates mecha nisms which inhibit it. This inhibition may 
therefore be considered a form of negative feedback.

Anticoagulants
The most commonly used anticoagulants act by binding cal-
cium ions. Since calcium ions are essential for coagulation of 
blood, agents which bind these prevent coagulation. Substances 
in this category are sodium citrate, potassium oxalate and eth-
ylene diamine tetra acetate (EDTA). Since calcium ions are 
required for many other vital functions as well, such as main-
tenance of neuro muscular excitability, calcium binding agents 
are suitable only for in vitro use.
 Heparin is another popular anticoagulant suitable for both 
in vivo and in vitro use.
 Vitamin K antagonists such as Dicumarol and Warfarin 
sodium are suitable as anticoagulants only for in vivo use.

BLEEDING DISORDERS
Some of the relatively common and academically interesting 
disorders characterized by abnormal or excessive bleeding 
have been discussed here.

Haemophilia
Haemophilia is a sex-linked bleeding disorder due to defi ciency 
of the coagulation factor VIII. The abnormality is located on 
the sex chromosome X and is a recessive character. Therefore 
the females generally do not suffer, being protected by the 
second X chromosome which is usually normal. However, a 
carrier female, married to a normal male, has a 50% chance 
of producing a haemophi liac if she gives birth to a male child, 
and a 50% chance of producing a carrier if she gives birth to 
a female child (Fig. 2.10.6). Haemophiliac children have fre-
quent episodes of heavy bleeding and need repeated blood 
transfusion. These patients should receive fresh blood because 
factor VIII is lost rapidly on storage. A still better alternative is 
to give them a factor VIII concentrate.

Christmas Disease
Christmas disease, or factor IX defi ciency, is clinically indis-
tinguishable from haemophilia. It is also an X-linked disorder, 

Fig. 2.10.4: Formation and function of fi brinolysin.

Fig. 2.10.5: Thrombomodulin as an anticoagulant factor. Broken 
arrows and the negative signs indicate inhibition.
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and affects 1 in 100,000 males. The disease is named after the 
fi rst patient having this disease reported by Biggs and his asso-
ciates in 1952.

Purpura
Purpura is a group of diseases characterized by abnormal 
bleeding due to disorders of the platelet or the vessel wall. 
The platelets may be reduced in number (thrombo cytopenia) 
or may be qualitatively defective. A relatively common qual-
itative platelet defect is induced by the deficiency of von 
Willebrand’s Factor (vWF) in the plasma. vWF is a hetero-
geneous multimeric plasma protein which has two functions. 
First, it facilitates platelet adhesion to the injured vascular 
endothelium. Second, it transports factor VIII in the plasma. 
Defi ciency of vWF is an autosomal dominant disorder. Purpura 
induced primarily by a vascular defect may be seen in vitamin 
C defi ciency (scurvy).

LABORATORY TESTS FOR BLEEDING DISORDERS
Some of the most common and useful tests for detection and 
differential diagnosis of bleeding disorders have been dis-
cussed below briefl y.

Clotting Time
It may be done in a test tube or a fi ne capillary tube. Blood in 
a test tube is tilted every minute till it does not fl ow. The time 
when the tube can be tilted through an angle greater than 90° 
without spilling any blood gives the clotting time. The normal 
clotting time by this method is 4-12 min for glass tubes and 
20-60 min for siliconized tubes. The reason for the difference 
is that siliconized tubes are so smooth that activation of factor 
XII becomes extremely diffi cult.
 In the capillary tube method, blood from a fi nger prick is 
allowed to fl ow into a thin capillary tube. After one minute, the 
tube is broken every 15 seconds till a thread appears between 
the broken ends. The time when the thread just appears indi-
cates the clotting time.
 Clotting time is prolonged whenever there is a defi ciency 
of any clotting factor.

Prothrombin Time
This is a test primarily for evaluating adequacy of the extrinsic 
system of clotting. To oxalated plasma are added an excess of 
calcium ions and tissue thromboplastin. The time taken for the 
plasma to clot is noted. As seen in Fig. 2.10.3, besides calcium 
ions and the tissue factor which are added, the extrinsic system 
of clotting needs factors VII, X, V, prothrombin, fi brinogen 
and factor XIII. In practice, prothrombin time is prolonged if 
at least one component among prothrombin, factors V, VII and 
X, is defi cient. Thus the test is essentially an indicator of the 
adequacy of the clotting factors synthesized in the liver. Hence 
prothrombin time also serves as a liver function test.
 The value of the prothrombin time (PT) varies from time 
to time and lab to lab depending on the exact conditions under 
which the test is performed. Hence interpretation of a patient’s 
prothrombin time is possible only if the test has also been 
performed on a known healthy control simultaneously. Close 
agreement between the values of the patient and the control 
suggests that the prothrombin time of the patient is normal. On 
the other hand, if the patient’s PT is considerably longer than 
that of the control, the PT of the patient is considered abnor-
mal. With these reservations, usually the normal prothrombin 
time is 10-14 s.

Thromboplastin Generation Test
Thromboplastin generation test (TGT) is primarily a test for 
evaluation of the intrinsic system of clotting (Fig. 2.10.5). The 
various factors required for the generation of thromboplastin 
by the intrinsic system are factors XII, XI, IX, VIII, PF-3, X 
and V. These factors are assembled in TGT from three differ-
ent components of the patient’s blood. The fi rst component is 
serum, which has factors XII, XI, IX, and X. It does not have 
factors VIII and V because these factors are consumed in the 
process of coagulation. The second component is adsorbed 
plasma, which has factors VII and V, and may also have fac-
tors XII and XI but does not have factors IX and X. The third 
component is platelets, which provide PF-3. As observed in 
Figure 2.10.7, in this system, the components which are pro-
vided only by serum are factors IX and X, and the components 
which are provided only by adsorbed plasma are factors VIII 
and V. In the TGT, the three above mentioned components 
of the patient’s blood are mixed with calcium ions to gener-
ate thromboplastin. Then this mixture is made to react with 
normal plasma, which here acts as a source of prothrombin 
and fi brinogen. Since thromboplastin has already been gener-
ated, the subsequent coagulation reactions are also completed 
and a fi brin clot appears in the tube. If the patient’s intrinsic 
system of coagulation is normal, it takes 8-15 s for the fi brin 
clot to appear after the addition of normal plasma. If this period 
is prolonged, it indicates a defect in one of the three compo-
nents of the patient’s blood. You might ask what difference 
can the patient’s blood make in the results of this test since 
normal plasma in any case has all the coagulation factors in 
normal concen tration. (Try to think of the answer to this ques-
tion before you read on further. Note down your answer on a 
piece of paper, and go on further with the text.) It is true that 
the clot would appear in this test even if the patient’s blood is 

Fig. 2.10.6: A female carrying the gene for haemophilia, if married 
to a normal male, has a 50% chance of producing a haemophiliac if 
she has a son, and a 50% chance of producing a carrier if she has 
a daughter.
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defective since normal plasma and an excess of calcium ions 
are present in the system. The main point is that if the patient’s 
blood is normal, after addition of normal plasma the only reac-
tions which take place are the conversion of prothrombin into 
thrombin, and the conversion of fi brinogen into fi brin. These 
two reactions take 8-15 s. On the other hand, if the patient’s 
blood has a coagulation defect, some of the preceding reactions 
which lead to the generation of thromboplastin also take place 
only after the addition of normal plasma. Hence the time taken 
for the fi brin clot to appear after the addition of normal plasma 
may be prolonged beyond 15 s.
 If the time is prolonged, the defect may be in fraction 1, 
2 or 3 of the patient’s blood. In order to fi nd which of these 
fractions is defective, the test is repeated after substituting each 
of these patient’s fractions with the corresponding fraction 
derived from normal blood, one at a time. The normal fraction 
which succeeds in normalizing the abnormally long TGT of the 
patient tells us the patient’s fraction which was defective.
 If the defective fraction was 1 (serum), the defi cient factor 
may be either IX or X, since these are the two factors which 
only fraction 1 provides. The two defi  ciencies may be distin-
guished by doing prothrombin time (PT). If PT is normal, the 
defi ciency is that of factor IX; if PT is also prolonged, the defi -
ciency is that of factor X.
 If the defective fraction was 2 (adsorbed plasma), the defi -
cient factor may be either V or VIII. Once again, PT can help 
in distinguishing between the two defi ciencies. If PT is normal, 
the defi ciency is that of factor VIII; if PT is prolonged, the defi -
ciency is that of factor V.
 If the defective fraction was 3 (platelets), the defi ciency is 
that of platelet factor 3.
 As is obvious, TGT is unaffected by the defi ciency of pro-
thrombin, fi brinogen, factor VII or factor XIII, although these 
will affect the clotting time.

Bleeding Time
Bleeding time is determined by observing how long bleed-
ing continues after a sharp pin prick of a specifi ed depth has 
been given in the ear lobe (Duke’s method) or forearm (Ivy’s 
method). The normal bleeding time is 2-7 min for the ear lobe 
prick (4 mm deep) and 3-4 min for the forearm prick (2.5 mm 
deep).
 Bleeding time and clotting time are not necessarily cor-
related. For example, in defi ciencies of coagulation factors, 
clotting time is prolonged but bleeding time may be normal 
because vasoconstriction and platelet plug formation may be 
adequate to arrest bleeding. On the other hand, in purpura the 
clotting time may be normal because all the coagulation factors 
are present but bleeding time is prolonged because vascular or 
platelet responses may be inadequate.
 In this chapter we have studied a large variety of haemo -
static mechanisms. Although for convenience we have stud-
ied them one at a time, in practice they overlap. They are 
initiated in a coordinated manner by inter depen  dent events 
making the haemostatic response an orche strated indivis-
ible process. We have also seen that no matter how essential 
and useful it is in an emergency, haemo  stasis is a stop-gap 
arrangement. Therefore the body also has mechanisms for 
dismantling it so that nor malcy of blood fl ow can be restored. 
Haemostasis being a process with very high survival value, it 
also shows two other features which are generally common 
in such pro cesses. First, it depends on multiple mecha nism. 
Even if one mechanism fails, it can be accom plished by
other mechanisms. Second, each constituent mecha-
nism is capable of achieving a level much higher than 
that generally required. Hence even if a mechanism 
is somewhat impaired or partly deficient, it can meet 
the usual requirements. Both these features impart a
high degree of physiological reserve to the haemostatic process.

Fig. 2.10.7: Thromboplastin generation test. Details in text.

Patient’s blood fraction
    Coagulation factors

 XII XI IX VIII PF-3 X V

1. Serum    X X  X

2. Adsorbed plasma + + X  X X 

3. Platelets     

Fraction 1 + 2 + 3 + Ca++  Thromboplastin

Thromboplastin + Normal plasma 8-15 s  Fibrin

If time > 15 s, defect may be in Fraction 1/2/3

Substitute normal 1, 2 or 3 singly

If Fraction 1 defective, factor IX/X defi cient

Do PT : If PT normal, IX defi cient

  If PT prolonged, X defi cient

If Fraction 2 defective, factor V/VIII defi cient

Do PT : If PT normal, VIII defi cient

  If PT prolonged, V defi cient

If Fraction 3 defective, PF-3 defi cient

TGT unaffected by defi ciency of prothrombin/Fibrinogen/Factor VII/Factor XIII
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QUESTIONS AND PROBLEMS

1. Why does a clean straight line cut with a knife or blade 
bleed longer than an irregular injury caused by a stone?

2. Why does a faulty venipuncture give a bigger haematoma in 
elderly patients than in young patients?

3. Explain briefl y why prothrombin time may be prolonged:
 a. after administration of antibiotics
 b. when the bile duct is obstructed
 c. in malabsorption syndrome
 d. in liver disease
4. Will dicumarol prevent the clotting of blood in a test tube? 

Give reason(s) for your answer.
5. Can a female suffer from haemophilia? If yes, why does it 

happen so rarely as to be generally considered impossible?

ANSWERS AND SOLUTIONS
1. An irregular injury bleeds less because it provides more of 

exposed collagen and a rough surface on which platelets 
can aggregate and factor XII can get activated.

2. This is so because in the elderly the elasticity of skin is poor. 
Elasticity of the skin also contributes to the initial phase 

of haemostasis by building up pressure around the injured 
blood vessels.

3. Prothrombin time is prolonged in (a), (b) and (c) because 
of effective vitamin K defi ciency. Antibiotics eliminate 
the gastrointestinal bacteria which manufacture vitamin K. 
Obstruction of the bile duct reduces availability of bile salts 
in the gut which impairs absorption of fats. Impairment of 
fat absorption adversely affects absorption of fat-soluble 
vitamins such as vitamin K. Absorption of vitamin K is 
reduced also in malabsorption syndrome.

 In liver disease (d), prothrombin time is prolonged because 
the liver cannot manufacture suffi cient prothrombin.

4. No, dicumarol does not act as an anticoagulant in a test tube 
because dicumarol only blocks the synthesis of prothrombin 
in the liver. This action has no relevance to the process of 
coagulation in a test tube.

5. For a female to suffer from haemophilia, both her X 
chromo somes should be defective. This is possible only if 
her father has haemophilia and her mother is a carrier of 
the trait. This is almost impossible because haemophiliac 
males generally do not get married, and for the rare hae-
mophiliac who does marry, having a carrier wife would be 
rarer still.
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2.11
Fluid Balance

Blood is a vital fl uid, and is in equilibrium with other fl uids of 
the body. Hence this is a suitable place to discuss also the other 
fl uids of the body, and the mechanisms which regulate their 
quantity. The volume of body fl uids depends on the balance 
between fl uid intake and fl uid loss, and there are mechanisms 
which regulate both limbs of the fl uid balance.

FLUID COMPARTMENTS OF THE BODY
A considerable fraction of our body is composed of water. 
Total body water (TBW) varies from 45-70% of the body 
weight in adults. The fraction tends to be higher in the lean 
than in the obese because adipose tissue has a very low water 
content. The fraction is higher in males than in females. The 
sex difference is also related to adiposity: the average fat con-
tent of the body is higher in women than in men. Therefore the 
sex difference disappears if we calculate total body water as a 
fraction of the lean body mass. In either sex, water forms 73% 
of the lean body mass. In infants, water constitutes 65-75% of 
the body weight. The difference between adults and infants is 
possibly related to the fraction of the body constituted by dif-
ferent tissues. In infants, brain (water content, 80%) forms a 
larger fraction of the body weight, and bones (water content, 
20%) form a smaller fraction of the body weight than in adults.
 About two-thirds of total body water is within the 73 tril-
lion cells that constitute our body, and is called intracellular 
fl uid (ICF). ICF includes about 2 litres of fl uid within the red 
blood cells.
 The remaining one-third of total body water is extracellu-
lar fl uid (ECF). About one-fi fth of ECF is plasma. The remain-
ing four-fi fths of ECF is almost entirely interstitial fl uid, i.e. the 
thin layer of fl uid surrounding the cells, forming their immedi-
ate environ ment. The interstitial fl uid constitutes the internal 
environment of the body. Its temperature, pH, osmolarity, ionic 
concentration, oxygen and carbon dioxide tension, and several 
other vital features should be within a narrow range for optimal 
function and even survival of the cells which it surrounds. The 
interstitial fl uid is in constant exchange with cells on one hand 
and plasma on the other. The other extracellular fl uids of the 
body include the cerebrospinal fl uid, aqueous humor, synovial 
fl uid, gastrointestinal secretions, and fl uid in the urinary tract.
 The approximate size of various fl uid compartments of the 
body has been shown in Table 2.11.1.

Determination of Fluid Compartments
The size of different fl uid compartments of the body is gener-
ally determined by the dilution principle. We inject a known 
amount of a nontoxic, easily measurable substance which dif-
fuses freely within the compartment to be measured but does 
not enter other compartments, and is either not excreted or 
excreted very slowly from the body. When the substance may 
be presumed to have mixed thoroughly with the fl uid to be 
measured, its concentration in the fl uid is determined. Now the 
volume of the fl uid compartment may be measured on the basis 
of the dilution principle as follows:

Suppose amount of substance injected = m mg
Suppose concentration of the substance
after mixing in the fl uid compartment = c mg/mL
If c mg of the substance are present in 1 mL of the fl uid,

then m mg of the substance are present in 1
c  × m mL of 

the fl uid,
Hence size of the fl uid compartment = m

c  mL

= 
Quantity of substance injected

Concentration of the substance after dilution
 Once the dilution principle is understood, the problem of 
determining individual fl uid compartments boils down to fi nd-
ing suitable substances for each compart ment. As is gener-
ally the case, actually solving a problem is much more com-
plex than the general principles on which the solution may be 
designed. For some fl uid compartments either no suitable sub-
stance is available, or each of the substances commonly used is 
a compromise with the ideal.
 For total body water, the most suitable substance is deu-
terium- or tritium-labelled water. For extracellular fl uid, no 

Table 2.11.1: Fluid compartments of the body1

Compartment Fraction of body weight Volume

Total body water 60% 40 L
Intracellular fl uid 40% 25 L
Extracellular fl uid 20% 15 L
 Plasma  4%  3 L
 Interstitial fl uid 16% 12 L

1 Approximate values in a 70 kg adult
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perfectly satisfactory substance has yet been discovered but 
radiolabelled sodium or chloride, and thiosulphate, thiocyanate, 
inulin and sucrose have been used. Each of these substances 
yields a signifi cantly different value for ECF. Accordingly, 
instead of calling the value ECF, sometimes it is simply 
referred to as sodium space, chloride space, or inulin space. 
For plasma volume, a blue dye called Evans’ blue (T 1824), or 
radioiodinated serum albumin (RISA) are suitable substances. 
Knowing the plasma volume and haemato crit, RBC volume 
and blood volume may be calculated. Alternatively, knowing 
the RBC volume and haematocrit, plasma volume and blood 
volume may be determined.

Suppose plasma volume = P litres
and haematocrit = H%
Then plasma = (100-H)%
If plasma volume is (100-H), blood volume = 100
Hence if plasma volume is P, blood volume

 = 
100

100-H
 × P litres

Example
Suppose Plasma volume = 3 L
and haematocrit = 40%

Then blood volume = 
100

100-40
 = 5 L

 However, care should be taken to use the haematocrit 
value in these calculations only after correction. Correction of 
the raw value obtained by centrifugation is required for three 
reasons.
a. Trapped plasma: Even in well centrifuged blood, some 

plasma is trapped between RBC. If this could somehow be 
eliminated, the true haematocrit would be slightly lower 
than that observed after centrifugation.

b. Axial fl ow: Blood cells tend to fl ow in the central core of 
a blood vessel, leaving a thin layer of plasma to fl ow along 
the walls of the blood vessel. The thin layer of plasma is 
essentially constant in thickness irrespective of the diameter 
of the blood vessel. Therefore the haematocrit in smaller 
blood vessels is lower than in large blood vessels (Fig. 
2.11.1). Blood for centri fugation is generally obtained from 
a large peripheral vein. Therefore the haematocrit observed 
after centrifugation of this blood is higher than would be 
obtained from a blood sample having a proportionate mix-
ture of blood from small and large blood vessels. Hence the 
true haematocrit would be slightly lower than that observed 
after centrifugation.

c. Venous vs arterial blood: The RBC in venous blood are 
slightly larger in volume than those in arterial blood due to 
osmotic changes associated with gas exchange (see chlo-
ride shift, Chapter 4.3). Therefore the haematocrit observed 
after centrifugation of venous blood is higher than would 
be obtained from a proportionate mixture of venous and 
arterial blood. Thus for this reason also the true haemat-
ocrit would be slightly lower than that observed after centri-
fugation of a venous blood sample.

 Since all the above reasons tend to artifi cially raise the hae-
matocrit, the correction should lower the haematocrit value. It 

Fig. 2.11.1: There is a thin layer of cell-free plasma along the walls of 
blood vessels (shaded). The thickness of this layer is essentially the 
same in large and small blood vessels. Therefore the haematocrit in 
small blood vessels is lower than in large blood vessels.

has been estimated that a correction factor of 0.87 is the most 
appropriate in an average situation.
 Hence true haematocrit = Packed cell volume × 0.87
 There is no suitable substance yet known for deter mination 
of the intracellular fl uid (ICF) volume or the interstitial fl uid 
volume by the dilution principle. Hence these compartments 
are determined by difference.

ICF = TBW — ECF, and
Interstitial fl uid volume = ECF — Plasma volume.

REGULATION OF BLOOD VOLUME AND THE 
VOLUME OF OTHER BODY FLUIDS

Regulation of blood volume is part of the regulation of fl uid 
balance of the body. But the focus in this section will be on 
blood volume not only because this section of the book is on 
blood but also because blood volume is regulated much more 
accurately than other fl uid compartments of the body. The 
reason for the priority given to blood volume is that it is the 
smallest fl uid compartment. Therefore any change in its volume 
becomes a much larger percentage deviation from normal than 
the same change in the volume of any other compartment. A 
change in blood volume is usually buffered by a compensatory 
change in the interstitial fl uid volume. This is facilitated by a 
change in the capillary hydrostatic pressure as explained later.
 Loss of body water is usually associated with an increase 
in osmotic pressure of body fl uids. Hence the body has mecha-
nisms which respond to a rise in osmolarity of body fl uids by 
retaining water.
 The two limbs of fl uid balance are fl uid intake and loss, or 
input and output respectively. The major input is in the form 
of water and other drinks. In addition, our food also contains a 
small and variable quantity of water. Oxidation of food in the 
body to produce energy also generates about 200 mL of water 
per day. The major output is in the form of urine, and in hot 
weather also as sweat. In addition the skin loses some water 
irrespective of weather (insensible perspiration). Some water is 
also lost from the airways during breathing, and via the intes-
tines in the fecal matter. The average fl uid input and output 
values are given in Table 2.11.2. As would be observed, the 
variables which are considerable in volume, which are fl exible, 
and which respond to the body needs of fl uid balance are thirst 
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on the input side and urinary loss on the output side. Although 
sweat loss can vary from negligible to many times the urinary 
loss, the degree of sweating is related to the requirements of 
temperature regulation rather than fl uid balance. Thus the regu-
lation of fl uid balance of the body depends, in the long run, on 
regulation of water intake through the mechanism of thirst, or 
adjustment of urinary output.

Short-term Regulation
Any acute change in blood volume is compensated within 
minutes by a redistribution of fl uids between the blood and 
interstitial fl uid. This happens because of a change in normal 
capillary haemodynamics. Normally, the relationship between 
the hydrostatic pressure and osmotic pressure in capillaries and 
that in interstitial fl uid is such that at the arterial end of capil-
laries the fl uid is fi ltered out into the interstitial fl uid, and at 
the venous end of capillaries almost an equal volume of fl uid 
is reabsorbed so that blood volume is essentially constant (Fig. 
2.11.2). However, if there is an acute fall in blood volume, the 
capillary hydrostatic pressure falls. As a result, the fi ltration at 
the arterial end becomes less than reabsorption at the venous 
end. This shift tends to restore the blood volume at the expense 
of the interstitial fl uid. This aspect of capillary haemodynamics 
has been discussed in greater detail in Chapter 3.10.

Long-term Regulation
Long-term regulation is through adjustment of the fl uid input 
through the thirst mechanism, and output through adjustment 
of the urinary volume.

Thirst
Thirst is felt in the mouth but generated largely in a part of 
the brain called the hypothalamus. In the nucleus circularis of 
the hypothalamus there are nerve cells specially sensitive to 
osmolarity. When the osmolarity of blood passing through the 
osmoreceptor areas increases, we feel thirsty. Since increase 
in osmolarity is generally associated with depletion of body 

fl uids, the thirst mechanism serves to make up the depletion by 
inducing us to drink water.
 The location of the thirst mechanism in the brain is indi-
cated by several experiments in which a special part of the 
brain is selectively stimulated or destroyed. That the dryness of 
mouth is not an essential part of thirst is shown by the fact that 
merely drying the mouth by applying a fi lter paper does not 
duplicate the feeling of thirst. On the other hand if sensations 
arising in the mouth and throat are abolished by using a local 
anesthetic, the feeling of thirst still persists when the osmolar-
ity of body fl uids is high. It is of course true that when a thirsty 
person takes some water, thirst is quenched as soon as the
mouth and throat are wet. This seems to be a mecha-
nism designed to prevent overhydration. The water that is
drunk takes some time to get absorbed and to make up the 
water defi cit of the body in the true sense. But abolition of 
thirst in anticipation of water absorption helps avoid drinking 
more water than is necessary to restore fl uid balance.
 The mechanism of thirst has been discussed in greater 
detail in Chapter 12.17.

Urinary Volume
The rate of urine formation responds to changes in fl uid volume 
through a primitive, purely physical mechanism, as well as 
through a large number of more highly evolved neurohumoral 
mechanisms.
1. Physical mechanism: An increase in blood volume leads 

to an increase in circulatory fi lling pressure, i.e. the tight-
ness with which the circulatory system is fi lled with blood. 
As a result, the amount of blood returning to the heart, 
i.e. the venous return, increases. Increase in venous return 
stretches the musculature of the chambers of the heart. 
Cardiac muscle responds to this stretch by contracting more 
forcefully. Consequently the amount of blood pumped 
by the ventricles, i.e. cardiac output, increases. Increase 
in cardiac output leads to an increase in blood pressure. 
The increase in blood pressure is shared by the renal ves-
sels. Therefore the perfusion pressure of renal glomeruli 

Table 2.11.2: Water balance

Intake
 Volume (mL) Volume (mL)

 Cold Hot Loss Cold Hot
 weather weather  weather weather

Water as
drinks 1600 2400 Urine 1500 1000*
Water in
food 1000 1000 Sweat 100 1500**

Oxidation 200 200 Skin 500 500
   Airways 400 300
   Faeces 300 300

Total 2800 3600  2800 3600

* Although urinary water loss can be reduced to even 500 mL, it is 
desirable for renal health that water intake be kept high so that 
urinary volume does not fall so low.

** May increase upto 5000 mL if heavy manual work is performed 
in hot weather. The water intake increases correspondingly to 
achieve water balance.

Fig. 2.11.2: Capillary haemodynamics under normal and reduced 
blood volume. Capillary hydrostatic pressure (HP) favours fi ltration 
across the capillary into the interstitial fl uid, and osmotic pressure 
(OP) favours reabsorption. Normally fi ltration at the arterial end (A) 
equals reabsorption at the venous end (V). When the blood volume 
is reduced, reabsorption exceeds fi ltration.
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is raised, which in turn, increases the glomerular fi ltration 
rate, and consequently the rate of urine formation. The 
accelerated fl uid loss tends to restore the fl uid balance of 
the body.

2. Antidiuretic hormone (ADH): Diuresis means a high uri-
nary output. Hence ADH is the name that has been given 
to a hormone which reduces the urinary output. ADH is 
a hormone secreted by the hypothalamus and stored in 
hypothalamic nerve endings which terminate in the poste-
rior pituitary. ADH is released from the posterior pituitary 
in response to at least two types of stimuli.

 First, ADH is released in response to reduction in blood 
volume. We have seen above that reduction in blood volume 
leads to a fall in venous return. Fall in venous return leads to a 
reduced stimulation of right atrial stretch receptors, sometimes 
known as volume receptors because they respond to changes in 
blood volume. Reduced activity of right atrial stretch receptors 
is conveyed by afferent vagal fi bres to the hypothalamus which 
responds to this message by increased ADH secretion. ADH 
reduces urinary volume leading to conservation of water and 
consequent tendency towards restoration of blood volume.
 Second, ADH is released in response to an increase in 
osmolarity of blood. As discussed earlier, osmolarity gener-
ally increases when there is a reduction in blood volume. The 
osmoreceptors of the hypothalamus, besides inducing thirst, 
also release ADH, thereby helping in restoration of blood 
volume.
 ADH reduces urinary output by increasing the permeability 
of distal tubules and collecting ducts in the kidney to water. 
This leads to increased reabsorption of water in these segments 
of the nephron, thereby leading to reduced urinary output.
3. Atrial natriuretic factor (ANF): Natriuresis means increased 

urinary excretion of sodium. Hence ANF is the name that 
has been given to a hormone which increases urinary 
sodium excretion. If sodium excretion is increased water 
excretion is also secon darily increased. Thus ANF increases 
not only sodium excretion but also urinary volume. ANF is 
released from the right atrium. When there is an increase 
in blood volume, the atrial stretch receptors referred to 
above are stimulated and induce the release of ANF. ANF 
increases urinary output and thereby tends to restore blood 
volume back to normal. Changes in the opposite direction 
help restore normacy when there is a decrease in the blood 
volume.

4. Renin: Renin is a hormone secreted by the kidneys in 
response to renal ischaemia. If there is a reduction in blood 
volume, the blood pressure tends to be low, and renal blood 
fl ow is reduced. Reduction in renal blood fl ow produces 
ischaemia which, in turn, leads to release of renin from 
the juxtaglomerular apparatus of kidneys. Renin acts on a 
plasma protein, angio tensinogen, to produce angiotensin I. 
Angiotensin I is then converted by a converting enzyme 
into Angiotensin II. Angiotensin II has at least two effects 
which help in a situation of low blood volume. First, angi-
otensin II is a powerful vasoconstrictor. Vaso constriction 
raises the blood pressure which helps in overcoming, at 
least temporarily, the deleterious effect of low blood vol-
ume on tissue perfusion pressure. Second, angiotensin II 

releases aldosterone from the adrenal cortex, the effects of 
which are discussed below.

5. Aldosterone: Aldosterone is a hormone secreted by the 
adrenal cortex in response to angiotensin II, or a fall in 
plasma sodium concentration, or a rise in plasma potassium 
concentration. One or more of these stimuli are likely to be 
associated with depletion of body fl uids. Aldosterone acts 
mainly on the kidneys where it increases sodium reabsorp-
tion and potassium excretion, thereby promoting sodium 
retention and potassium loss. Sodium retention leads to sec-
ondary water retention by the kidneys. Thus aldosterone 
helps restore the volume of extracellular fl uids.

VARIATIONS IN BLOOD VOLUME
Some physiological and pathological variations in blood 
volume are as follows:

1. Pregnancy
In pregnancy, growth of the uterus and addition of placental 
and foetal blood vessels increases the capacity of the circu-
latory system. To fi ll it adequately, there is a commensurate 
increase in blood volume, which is physiological. Sometimes 
pregnancy may also be complicated by factors which leads to a 
further pathological retention of fl uids.

2. Polycythaemia
Polycythaemia is an increase in red cell mass. Not only does 
the red cell mass contribute to the raised blood volume, the 
higher hematocrit also raises the viscosity of blood. The higher 
viscosity leads to fl uid retention through a chain of events 
shown in Figure 2.11.3.

3. Heart Failure
A failing heart may not be able to pump the normal quan tity of 
blood with a normal circulating blood volume. But if the blood 
volume is increased, the heart is stret ched and is able to pump 
some more blood. The chain of events leading to fl uid retention 
in heart failure is shown in Figure 2.11.4.
 This chapter appears fairly early in the book but has 
information which needs familiarity with virtually the whole 
book and more. At this stage it should be treated as merely an 

Fig. 2.11.3: The chain of events which leads to an increase in blood 
volume in polycythaemia.
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Fig. 2.11.4: The chain of events which leads to an increase in blood 
volume in compensated heart failure. The stroke volume is restored 
to normal but at the expense of a higher blood volume.

introduction to an important but complex topic, and the student 
should return to it later when it will make more sense and be 
more enjoyable.

QUESTION AND PROBLEM
1. Why is the water loss from airways greater in cold weather 

than in hot weather (Table 2.11.2)?

ANSWER AND SOLUTION
1. The temperature of airways is constant at 37°C and air in 

the airways is fully saturated with water vapor. Water vapor 
pressure at 37°C is 47 mm Hg. In cold weather, the tem-
perature is low, and hence the water vapor pressure is lower. 
Therefore, to bring the vapor pressure to 47 mm Hg in the 
airways, it takes more water from the body in winters than 
in summers.
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A unicellular organism, such as amoeba, does not need the car-
diovascular system. It picks up oxygen and nutri ents from its 
immediate environment and releases waste products into the 
same environment through the simple process of diffusion 
(Fig. 3.1.1).
 But in multicellular organisms many cells are too deep and 
too far away from sea water for diffusion to meet the needs 
of the organism. Hence, the functions of delive ring nutrients 
and removing waste products are perfor med by blood. The 
blood should keep moving to bring fresh nutrients and to pre-
vent accumulation of waste products. The motive force for the 
movement of blood is provided by the heart, and the tubes in 
which blood moves are the blood vessels. The heart and blood 
vessels together form the cardiovascular system (CVS).
 Besides transporting nutrients and waste products, the 
blood also transports hormones and several other substances. 
Further, the blood also transports heat, and the rate at which it 
loses heat to the external environment is subject to adjustment. 
That is how CVS helps regulate body temperature. Adjustment 
of CVS is triggered not merely by the need for temperature 
regulation. The function of CVS is also modulated to meet the 
needs of exercise and other states which call for a change in 
blood fl ow through any region in the body. If you simply reca-
pitulate your daily routine you would realize how frequently 
the CVS adjusts its function in the course of a day.

THE CARDIOVASCULAR CIRCUIT
A convenient point to start tracing the journey of blood is the 
right atrium.

Right Atrium
Right atrium receives deoxygenated blood from various parts 
of the body. The right atrium empties the blood which it 
receives into another chamber of the heart, the right ventricle 
(Fig. 3.1.2).
 There is no valve at the junction of superior vena cava and 
right atrium. Hence the pressure variations in the right atrium 
are similar to those in the jugular vein. But there is a valve 
(tricuspid or right atrioventricular valve) at the junction of the 
right atrium and right ventricle. The tricuspid valve ensures 
one-way fl ow, i.e. it prevents the blood from fl owing back from 
the right ventricle to the right atrium.

Fig. 3.1.1: Diagrammatic representation of a unicellular organism (A) 
and a multicellular organism (B). A unicellular organism can exchange 
nutrients and waste products directly with the external environment by 
the simple process of diffusion. This simple exchange is not possible 
for the deeply buried cells (darkened) of a multicellular organism.

Right Ventricle
The right ventricle pumps blood into the pulmonary 
trunk, which divides into right and left pulmonary arteries 
(Fig. 3.1.3). The opening of the right ventricle into the pul-
monary trunk is guarded by a semilunar valve which prevents 
fl ow of blood back from the pulmonary trunk into the right 
ventricle.

Pulmonary Arteries
Pulmonary arteries carry the deoxygenated blood pumped by 
the right ventricle to the lungs. They are called arteries because 
they carry blood away from the heart. In the lungs, the arter-
ies branch repeatedly to form the pulmonary capillary network 
which participates in gas exchange. The pulmonary capillary 
blood passes on some of its carbon dioxide to the lungs and 
picks up some oxygen from the lungs.

3.1
Getting Introduced to the 

Cardiovascular System
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Left Atrium
Left atrium empties itself into the left ventricle at the 
same time as the right atrium and in much the same 
manner. There is a valve (bicuspid, mitral or left atrio-
ventricular valve) at the junction of the left atrium and the left 
ventricle.

Left Ventricle
The left ventricle pumps blood into the aorta, which branches 
off into several arteries which supply different parts of the 
body (Fig. 3.1.5). These arteries are collecti vely called sys-
temic arteries. Since the systemic arterial network is much 
more extensive than the pulmonary arterial network, the left 
ventricle has to pump blood at a much higher pressure than the 
right ventricle. This is made possible by a much thicker wall 
(musculature) than that of the right ventricle. The opening of 
the left ventricle into the aorta is also guarded by a semilunar 
valve.

Aorta, Arteries, Arterioles and Capillaries
Aorta branches into arteries, arteries into arterioles, and arte-
rioles into capillaries. The capillaries are thin walled narrow 
tubes lined with a single layer of endothelium. They are so 
narrow that the erythrocytes (diameter 7 microns) barely 
manage to squeeze through them. The capillaries come 
in intimate contact with the cells, and deliver oxygen and 
nutrients to the cells while picking up carbon dioxide and 
waste products from them. The deoxygenated, waste-ridden 
blood is collected into venules, which merge to form veins 
(Fig. 3.1.6).

Fig. 3.1.2: Semidiagrammatic representation of the right side of the 
heart.

Fig. 3.1.3: Semidiagrammatic representation of the right ventricle 
and the region into which it pumps blood.

Pulmonary Veins
Pulmonary veins return the blood, which has been oxygenated 
and decarbonated by the lungs, to the left atrium.1 Although 
pulmonary veins carry oxygenated blood, they are called veins 
because they return blood to the heart. Any blood vessel which 
conducts blood towards the heart is a vein; any blood vessel 
which conducts blood away from the heart is an artery. Most of 
us have four pulmonary veins which return the blood to the left 
atrium (Fig. 3.1.4).

1 Decarbonation means removal of carbon dioxide. In contrast, decarboxylation is a chemical reaction in which a carboxyl group is lost by a substance 
and carbon dioxide is produced.

Fig. 3.1.4: Semidiagrammatic representation of the left side of the 
heart.
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Veins
Veins are thin walled vessels. Veins from different parts of the 
body fi nally unite to form two large veins—superior vena cava 
and inferior vena cava. These two veins open into the right 
atrium as discussed earlier. Thus the cycle is completed, and 
blood starts on its journey all over again (Fig. 3.1.7).
 If you look at the journey of the blood critically, you would 
realize that the heart behaves like two pumps residing in the 
two ventricles. However, the blood pumped by the right ventri-
cle returns to the left atrium, and the blood pumped by the left 
ventricle returns to the right atrium (Fig. 3.1.8). Because of this 
reciprocal relation ship, the blood pumped by the left ventricle 

and the right ventricle is equal under normal circumstances. 
The amount of blood pumped by either ventricle in one minute 
is called cardiac output, and is equal to about fi ve litres at rest, 
but can increase upto seven times during exercise.
 Not only do both ventricles pump the same volume of 
blood, they do it simultaneously. You would realise that when 
the ventricles are contracting to pump blood, the atria are 
relaxed and are getting fi lled. On the other hand, when atria 
contract, the ventricles are relaxed to receive blood (Fig. 3.1.9). 
Thus atrial contraction coinci des with ventricular relaxation 
(diastole), and atrial relaxa tion coincides with ventricular con-
traction (systole).2

 The right and left ventricles pump blood into vascular 
beds which differ vastly in their characteristics. The pul mo-
nary vascular bed is short in length and has less muscular walls 
but large diameter. In short, it offers low resistance. On the 
other hand, systemic vasculature has a long total length, thick 
muscular walls (in the arteriolar section) and relatively smaller 
diameter vessels. Hence, the peripheral resistance offered by 
the systemic circuit is much higher.

Fig. 3.1.5: Semidiagrammatic representation of the left ventricle, 
aorta and some of its branches. Blood pumped by the left ventricle 
into the aorta is distributed throughout the body by means of arteries.

Fig. 3.1.6: Diagrammatic representation of blood fl ow through the 
tissues. The venous blood from different organs is fi nally collected 
into one of the two vena cavas, which empty into the right atrium. 
A, arteriole; V, venule. In the capillary zone, solid arrows indicate 
oxygen and nutrients, and dashed arrows indicate carbon dioxide 
and waste products.

Fig. 3.1.7: Composite diagram of blood circulation. (Reproduced, with 
permission, from Bijlani RL, Manchanda SK. The Human Machine. 
New Delhi: National Book Trust, India, Fig.11, p.33, Courtesy: National 
Book Trust, India).

2 Systole is a term used for contraction of a chamber of the heart, and diastole for relaxation. Thus atrial systole coincides with ventricular diastole. But 
by common usage, systole and diastole used without qualifi cation refer to ventricular systole and diastole respectively. Thus a diastolic murmuer is a 
murmur heard during the ventricular diastole.
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machine can match this perfor mance. This gigantic task is per-
formed by the unique musculature of the heart, called cardiac 
muscle. Cardiac muscle has some features of skeletal muscle, 
some of the smooth muscle, and some unique features of its 
own (Fig. 3.1.10 and Table 3.1.1).

Cardiac Muscle
Cardiac muscle has branched fi bers which show cross striations. 
Each fi ber is about 100 microns long and about 15 microns 
wide. The nucleus is centrally located. At the junctions of fi bers 
are specialized areas called intercalated discs which have a low 
electrical resistance. Therefore, although cardiac muscle fi bers 
are separated from each other, they act as a functional syncy-
tium. This means that an impulse generated anywhere in the 
cardiac muscle spreads throughout the musculature. As under 
a light microscope, under an electron microscope too, cardiac 
muscle shows a striking resemblance to skeletal muscle (Fig. 
3.1.11). The muscle proteins are myosin, actin, tropomyosin 
and troponin, and are identical to those in skeletal muscles. The 
sarcotubular system is well- developed but is different from 
that in skeletal muscle in some respects (Table 3.1.2).

Fig. 3.1.8: The heart is essentially made up of two pumps (A) The situation may be further simplifi ed to show clearly that the two pumps are 
joined in series (B). Since both pumps pump the same volume of blood which travels through the respective resistance in the same time, 
the left ventricle pumps the blood much more forcefully than the right. RV, right ventricle; LV, left ventricle.

Fig. 3.1.9: Diagrammatic representation of ventri cular relaxation 
(diastole) and contraction (systole). RA, right atrium; RV, right 
ventricle; LA, left atrium; LV, left ventricle; P, pulmonary artery; A, 
aorta.

 The purpose of ventricular contraction is to generate just 
enough pressure to ensure fl ow through the appro priate cir-
cuit, and return the blood to the appropriate atrium. The pres-
sure in both atria is quite low (nearly atmospheric most of the 
time). Therefore ventricular contraction should generate just 
the correct pressure which will get spent by the time blood 
returns to the atrium. Since the peripheral resistance of the sys-
temic vasculature is high, the left ventricle generates a peak 
systolic pressure of about 120 mm Hg in contrast with the right 
ventricle, which generates a pressure of only 25 mm Hg (Fig. 
3.1.8).
 In short, the function of CVS is to keep the blood fl ow-
ing. Flow takes place from higher towards lower pres sure. The 
function of the ventricles is to generate a pressure which cre-
ates a pressure gradient suffi cient for blood to fl ow back to the 
atria.

FUNCTIONAL ANATOMY OF THE HEART
Heart is a pump with amazing capabilities. It pumps out blood 
about 70 times a minute for about 70 years without a break. 
Either ventricle pumps at least 200 million litres of blood in an 
average lifetime by beating about 3 billion times. No man-made 

Fig. 3.1.10: Histological structure of cardiac muscle. Note the cross 
striations, centrally placed nuclei, branched muscle fibers and 
intercalated discs.

3.1.indd   1143.1.indd   114 8/23/2010   12:01:10 PM8/23/2010   12:01:10 PM



C
H

A
PT

ER
 3

.1
: G

ettin
g
 In

tro
d
u
ced

 to
 th

e C
ard

io
vascu

lar System

115

Table 3.1.1: Comparison of different types of muscle tissue

   Smooth muscle Cardiac muscle Skeletal muscle

 1. Fibres branched Yes Yes No
 2. Cross striations Absent Present Present
 3. Nucleus Centrally placed Centrally placed Multiple nuclei, just
     beneath the sacrolemma
 4. Mitochondria Less numerous Numerous Less numerous
 5. Neuromuscular junctions Multiple or Absent Multiple One junction per fi bre
 6. Sacrotubular system Poorly developed Well-developed but not as well- Very well-developed and
    organized as in skeletal muscle organized
 7. Pacemaker tissue May by present but not Well-organized Absent
   well-organized
 8. Autorhythmicity Present Present Absent
 9. Nerve supply Autonomic Autonomic Somatic
 10. Length-tension Not well-defi ned Well-defi ned Well-defi ned
  and force-velocity
  relationship
 11. Refractory period Not well-defi ned Prolonged Very short
 12. Action potential Many varieties depending on site Prolonged Very short

Fig. 3.1.11: (A) Diagrammatic representation of the arrangement of myofi laments in a sarcomere of cardiac muscle. The sarcolemma is 
invaginated at every Z line to form a T tubule. The L tubules of the sarcoplasmic reticulum are enlarged to form cisterns where they come 
close to a T tubule. The T tubule and the two cisterns close to it together form a triad. (B) Schematic diagram of a triad in cardiac muscle. 
(C) Schematic diagram of a triad in skeletal muscle.
 Observe that in cardiac muscle both L and T tubules store calcium ions whereas in skeletal muscle only the L tubules do so. Further, 
the triads are formed at every Z line in cardiac muscle but at every A-I band junction in skeletal muscle (Fig. 11.5.1).

Table 3.1.2: Differences between the sarcotubular 
system of cardiac and skeletal muscle

 Cardiac muscle Skeletal muscle

Organization Less regularly Very regularly
 arranged arranged
Level of Z disc A-I junction
T tubules  (except in amphibian muscle,  
  where it is Z disc)
Diameter of More than double Less than half
T tubules that in skeletal that in cardiac
 muscle muscle
L tubules Plexiform arrange- Large terminal
 ment, narrow cisternae
 tubular cisternae
Association of Usually a diad Triad (one T tubule
T and L (one T tubule and two cisternae)
tubules and one cistern)

Pacemaker and Conduction Tissues
Heart has well-developed pacemaker tissue which can generate 
rhythmic impulses. One pacemaker is the sinoatrial node (SA 
node) situated in the right atrium near the opening of superior 
vena cava. The other pacemaker tissue is the atrioventricular 
node (AV node) situated on right side of the interatrial septum 
near the opening of the coronary sinus. AV node is bulbous 
in appearance and gives rise to a bundle of conduction tissue 
called the bundle of His. The bundle of His divides into right 
and left branches in the interventricular septum. The bundle 
branches divide into a network of Purkinje fi bres as they enter 
the ventricles (Fig. 3.1.12).
 Pacemaker and conduction tissues are made up of modi fi ed 
cardiac muscle which is not well striated. They are phyloge-
netically primitive, and have abundance of connective tissue. 
Pacemaker tissue generates impulses, and conduction tissue 
helps spread the impulses throughout the heart in a specifi c 
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Skeleton of the Heart
There are no bones in the heart but the heart has a skeleton. 
The term skeleton of the heart refers to a fi brotendinous ring 
at the junction of atria and ventricles. The cardiac muscle is 
attached to this ring somewhat like the way skeletal muscles 
are attached to bones. Hence the term skeleton. The atria are 
fi rmly connected to the upper surface of the skeleton, and the 
ventricles to its lower surface. The fi brotendinous ring separat-
ing the atria and ventricles cannot conduct the cardiac impulse. 
Therefore the atria and ventricles are insulated from each other. 
The only functional link between the atria and the ventricles 
is the conduction tissue. Hence, the atrial impulse spreads to 
the ventricles only after it has passed through the AV node. 
Since the AV node has a slow velocity of conduction, there is 
a fi nite gap between atrial and ventricular contrac tion. That is 
why when the atria contract, the ventricles are relaxed, and 
vice versa. If you do not understand the functional signifi cance 
of this arrange ment, refer to Figure 3.1.9 and the associated 
text.
 The atrial musculature is quite thin but the ventricular 
muscles are thick and bulky. They are arranged in a complex 
fashion. All these muscle groups have their origin, as well as 
insertion in the skeleton of the heart. Therefore, the contraction 
of the heart is always towards the skeleton. The papillary mus-
cles which project into the ventricular cavities are also a part 
of the myocardium. The papillary muscles are connected with 
the atrioventri cular valves through the chordae tendinae. The 
interven tricular septum separating the two ventricles also gets 
fused at the ‘skeleton of the heart.’

Valves
The heart has four valves, which have been named already. 
These valves are thin and leaf-like, and work against marked 
pressure gradients throughout life. No man-made valve is so 
effective, simple, durable and aesthetically pleasing.

Fig. 3.1.12: Conduction system of heart.

Part is Better than Full

Heart is a powerful, compact, adjustable and untiring pump. 
And, it is a pump which is fairly frequently diseased. Finally, 
it is a pump which is indispensable for life. But, basically, it 
is a pump. Hence it is natural that man has felt tempted to 
fabricate a mechanical device which could replace it in dis-
ease. However, manufacturing a device which comes any-
where close to the natural heart has posed an almost unsur-
mountable challenge to the concerted efforts of some of the 
fi nest medical and engineering experts. The major problems 
have been the weight and bulk of the device and its power 
supply, its biocompatibility, and clotting of the blood pass-
ing through it. The problems are considerably reduced if we 
supplement the action of the natural heart instead of replac-
ing it completely. Such a ventricular assist device (VAD) is 
not only lighter and less unwieldy, its action is automatically 
synchronised with that of the other chambers of the heart, 
and it also allows the cardiac response to emotion and exer-
cise. Moreover, in case the mechanical device fails due to 
any reason, the natural heart may save the patient from 
sudden death. Since all our patients have a heart which still 
has some functional capability left, it is prudent to give them 
a VAD for left ventricle, right ventricle, or both. VADs are 
being perfected, and are likely to be available on a large scale 
very soon (based on Stuller, 1988).

Stuller J. Half a heart. SPAN 1988; 29(3): 31-33 (March)

sequence at an appro priate velocity. Each cardiac muscle fi bre 
has latent pacemaker activity which may be manifested if the 
normal pacemakers fail.
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3.2
Membrane Potential at 
Rest and during Activity

All living cells show some difference in electrical potential 
across the cell membrane. This difference is called membrane 
potential. Excitable cells, i.e. muscle and nerve cells, not only 
show a membrane potential while at rest but also a dramatic 
change in the potential during activity. Hence in case of excita-
ble cells the memb rane potential serves as a marker of activity. 
Cardiac muscle cells, pacemaker cells and cells belonging to 
the conduction system of the heart are also excitable cells. The 
relative ease with which electrical activity of exci table cells 
can be monitored has made it a popular experi mental tool for 
detection and measurement of activity of excitable tissues. We 
shall fi rst study the genesis of the resting membrane potential 
and then understand why and how it is altered during activity.

RESTING MEMBRANE POTENTIAL
Resting membrane potential (RMP) may be now measured 
by means of fi ne intracellular electrodes which can penetrate 
excitable cells without causing too much injury (Fig. 3.2.1). 
As compared to the extracellular fl uid, the interior of a cell is 
electrically negative. The magni tude of the RMP in cardiac 
muscle cells and Purkinje fi bres is about –90 mV whereas in 
the sinoatrial node and atrio ventricular node it is about –60 mV.

Diffusion Potential
The RMP is primarily due to the difference in concen tration of 
ions between the intracellular and extracellular fl uid. A poten-
tial so generated is called a diffusion poten tial. Let us fi rst see 
how diffusion potential is generated.
 Assume a positively charged ion to be present at a higher 
concentration within the cell than outside (Fig. 3.2.2). As a 
result of the concentration difference, the ion will tend to dif-
fuse out of the cell. If the diffusion is unaccom pa nied by the 
diffusion of a negative ion, a potential difference will develop 
across the membrane, the outside being positive as compared 
to inside. The posi tivity outside will oppose the outward diffu-
sion of the positive ion. A point will be reached when the ten -
dency for the ion to diffuse outward due to the concen tration 
gradient will be exactly balanced by the ten dency for the ion 
to diffuse inward due to the electri cal gradient. From this point 
onwards there will be no net diffusion of the ion. The potential 
difference at this point is called the equilibrium potential for 

the ion. The magnitude of the equilibrium potential (E) for an 
ion may be predicted from the Nernst equation:

E = 
RT [C]i

nF  . ln 
[C]i

[C]0

where R is the gas constant, T is the absolute tempe rature, n 
is the valency of the ion, F is the Faraday Constant, [C]i is the 

Fig. 3.2.1: The resting membrane potential (RMP) may be measured 
by using an intracellular glass electrode, with a tip diameter of less 
than 1 micron, fi lled with potassium chloride. (A) Diagrammatic 
representation of the recording set-up. (B) At the arrow, the 
intracellular electrode penetrates the cell. The RMP is about
– 90 mV, being negative on the inside of the excitable cell membrane 
as compared to the outside. 
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intracellular concentration of the ion, and [C]0 is the extracel-
lular concentration of the ion.
 For univalent ions, at the normal body temperature (37°C),

E (in mV) = ± 61 log 
[C]i

[C]0

 The sign of E is negative or positive depending on whether 
we are calculating if for a cation or an anion respectively, 
assuming we observe the convention that expresses the poten-
tial difference inside the cell as compared to outside it.

Diffusion Potential in Excitable Cells
Let us now consider the diffusion potential of major ions 
involved in living cells, specially excitable cells.

Potassium
In a mammalian muscle cell, the potassium ion concen tration is 
155 mEq/L in the intracellular fl uid and 4 mEq/L in the extra-
cellular fl uid. Hence, the equilibrium potential for potassium 
may be calculated as follows:

 E = – 61 log 
155
4

  = – 61 log 38.75
  = – 61 × 1.5883
  = – 97 mV
 It may be recalled that the diffusion potential develops only 
if diffusion of the positive ion is not accompanied by diffusion 
of a negative ion. In living cells, the major intracellular nega-
tive ions are the protein anions.1 Proteins cannot diffuse out of 
the cell because the cell mem brane is not permeable to them. 
That is why diffe rence in potassium concentration between the 
intra cellular and extracellular fl uids leads to a diffusion poten-
tial which accounts for almost the entire RMP.
 The dependence of RMP on potassium has been shown 
through experiments in which extracellular potassium ion con-
centration may be altered syste matically. Such experiments 

show that the RMP varies as the logarithm of the extracel-
lular potassium ion concentration over a fairly wide range of 
concentrations.

Chloride
In a mammalian muscle cell, the chloride ion concen tration is 4 
mEq/L in the intracellular fl uid and 120 mEq/L in the extracel-
lular fl uid. Hence, the equilibrium potential for chloride may 
be calculated as follows:

 E = 61 log 
4

120

  = 61 × log 0.033
  = 61 × 2.5185
  = 61 × (–1.4815)
  = – 90 mV
 Thus the chloride equilibrium potential is almost the same 
as potassium equilibrium potential. This is not just a coinci-
dence but the result of physical forces. Since chloride is the 
only major anion to which the cell membrane is permeable, its 
concentration adjusts itself passively to the potassium equilib-
rium potential.

Sodium
In a mammalian muscle cell, the sodium ion concen tration is 
12 mEq/L in the intracellular fl uid and 145 mEq/L in the extra-
cellular fl uid. Hence the equilibrium potential for sodium may 
be calculated as follows:

 E = – 61 log 
12
145

  = – 61 × log 0.083
  = – 61 × 2.9191
  = – 61 × (–1.0809)
  = + 66 mV
 The sodium equilibrium potential is opposite in pola rity 
as compared to the RMP. The concentration gradient as well 
as electrical gradient favour the diffusion of sodium ions into 
the cell. This extremely strong tendency is neutralised by the 
sodium pump. Sodium pump is a carrier-mediated active trans-
port mechanism located in the cell membrane. The carrier for 
the pump is a Na/K-ATPase, which means that the carrier pro-
tein binds both sodium and potassium ions, and also acts as 
an enzyme for hydrolysis of ATP. Hydrolysis of ATP generates 
the energy which drives the pump. The mechanism not only 
pumps sodium ions out of the cell but also pumps potassium 
ions inside. Thus the pump helps maintain both sodium and 
potassium ion concen trations in the intracellular and extracel-
lular fl uids. However, the sodium-potassium exchange is une-
qual. The carrier expels three sodium ions out of the cell in 
exchange for two potassium ions which are pumped into the 
cell. Since the number of cations pumped out exceeds those 
pumped in, the pump generates an electrical potential across 
the cell membrane. That is why the pump is also referred to as 
the electrogenic sodium pump. As is obvious, the polarity of 

Fig. 3.2.2: Diffusion potential. (A) Potassium ions tend to diffuse 
out of the cell due to a concentration gradient. But they cannot be 
accompanied by a negatively charged ion because the membrane 
is impermeable to protein anions (P–). (B) Outward diffusion of 
K+ creates a potential difference across the cell membrane which 
opposes further outward diffusion of K+. An equilibrium is reached 
when the tendency for outward diffusion due to the concentration 
gradient (C) is exactly equal to the tendency for inward diffusion 
due to the electrical gradient (E). The potential difference across the 
membrane when the equilibrium is reached is called the equilibrium 
potential for potassium.

1 The charge on protein molecules depends on the pH in relation to their pI. At physiological intracellular pH, most proteins are negatively charged. For 
details see Henderson-Hasselbalch equation.
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the membrane potential generated by the pump is the same as 
that of the RMP, i.e. negative inside the cell as compared to the 
outside. It has been estimated that the sodium pump contributes 
only 4 mV to the RMP. More important than this small direct 
contribution is the fact that it allows the potassium equilibrium 
potential to prevail. It does so by neutra lizing the electrochemi-
cal gradient-driven passive leakage of sodium ions into the 
cell. The leakage takes place through pores in the membrane. 
The pores are also referred to as leak channels. At the RMP, the 
sodium infl ux through the leak channels is obviously exactly 
equal to the sodium effl ux due to the sodium pump. Paralyzing 
the sodium pump leads to unopposed inward movement of 
sodium ions through the leak channels and abolishes the RMP.2

 Sodium pump is subject to regulation. When the mem-
brane is depolarized (i.e. the potential difference across the 
cell membrane becomes less), the sodium pump becomes more 
active. Increased activity of the pump tends to restore the RMP. 
Conversely, hyper polarization leads to reduced activity of the 
sodium pump. Thus the regulation of the sodium pump is of 
the negative feedback type.

Signifi cance of Membrane Permeability
You might be still wondering why potassium ions occupy a 
pre-eminent position in determining the RMP. Why is it that 
RMP is primarily determined by the intracellular and extracel-
lular concentrations of potassium although the concentration 
gradients of sodium and chloride ions across the cell mem-
brane are equally marked? The answer to this lies in the high 
permeability of the resting membrane to potassium. The rela-
tive permeability to sodium and chloride is much lower.
 The signifi cance of sodium permeability will become clear 
when we discuss the membrane potential during activity. A 
marked increase in sodium permeability dur ing activity leads 
to an explosive change in membrane potential known as action 
potential. Chloride perme ability is also of more than academic 
interest. Some varieties of neuronal inhibition are the result of 
hyper polarization (accentuation of the RMP) induced by an 
increase in chloride permeability (Chapter 12.4).

Genesis of RMP
To summarise, RMP is mainly the result of the following 
factors:
a. difference between intracellular and extracellular potassium 

concentration,
b. impermeability of the membrane to protein anions,
c. poor permeability of the membrane to sodium ions, and
d. sodium pump.
 You should understand the signifi cance of each of these 
factors in light of the previous discussion. Refl ect over these 
factors and go over the role of each in generating or maintain-
ing the RMP in your mind. If you fi nd any diffi culty, go back to 
the relevant portions of the last few pages. Only then are you fi t 
to go further in the Chapter!
 Having mastered the role of the above four factors in gen-
esis of RMP, take a try at selecting the single most important 

factor which generates the RMP. This question is mainly of 
theoretical interest but is worth answering. Make your choice 
before you read any further. One way to look at this issue is 
that proteins are essential for cellular function, and they have 
to be retained in the cell. The negatively charged protein anions 
in the cell must be balanced by excess of a positively charged 
ion: this role is fulfi lled by potassium ions. Excess of potas-
sium ions generates a diffusion potential. The freely mobile 
negative ions, chloride ions, adjust their concen tration on the 
two sides of the cell membrane to achieve an equilibrium 
potential equal to the potassium equili brium potential. Now the 
only major ion capable of disturbing the equilibrium is sodium 
which is kept out by the sodium pump. The possibility that 
sodium can disturb the equilibrium has been exploited by excit-
able cells to allow the disturbance to take place momentarily 
during activity. The brief disturbance generates a signal which 
can be conducted for long distances along the cell memb rane, 
and is therefore ideally suited for transmi tting messages. Why 
the sodium disequilibrium exists in the fi rst place is possibly 
because life originated in sea water which has a high sodium 
chloride concen tration. Thus the design of living cells has 
taken a high extracellular sodium ion concentration as a ‘given’ 
from the very begin ning of life. In short, if a choice has to be 
made, the single most important factor which leads to the RMP 
is the high protein anion concentration in the cells.
 Now that you have understood the RMP, you are qualifi ed 
to go further and understand what happens to the membrane 
potential during activity.

TWO STEPS TO ACTIVATION
A resting nerve or muscle cell becomes active as a result of a 
stimulus. Irrespective of the nature of stimulus, the response is 
in terms of a change in the membrane potential (Fig. 3.2.3). The 
change in the membrane potential is usually a graded depolari-
zation. Graded means that its magnitude depends on the inten-
sity of the stimulus. Stronger the stimulus, greater the degree of 
depolarization. Depolarization here means that the membrane 
becomes less polarized or hypopolarized. For example, the 
membrane potential changes from –90 mV to –70 mV. If the 
magnitude of the depolarization is below a certain threshold 
value, the depolarization gradually fades away. However, if the 
magnitude of the depolari zation exceeds the threshold value, it 
leads to a well defi ned electrical change known as action poten-
tial. Although action potential is also a depolarization, there is 
a marked difference between the graded depolari zation and the 
action potential.
 First, the action potential is not graded. It is an all or none 
change. Under a given set of conditions, it has a fi xed value. 
Either all of the action potential is seen, or not at all. Secondly, 
the graded depolarization spreads along the membrane of the 
excitable cell with decrement; its magnitude decreases with 
time as well as with dis tance from the point of origin. But the 
action potential is propagated without decrement, i.e. it trav-
els along the cell membrane from point to point, appearing at 

2 The sodium pump may be paralyzed by inhibiting energy production in the cell, e.g. by using dinitrophenol (DNP) which uncouples oxidative 
phosphorylation
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each point in exactly the same form. Finally, the graded depo-
larization shows the features of a physical pheno menon. It 
behaves exactly as an electrical change in a non-living cable. 
But the action potential is a uniquely biological phenomenon. 
It is seen only in living excitable cells.
 A few analogies may make the phenomenon clearer. The 
graded depolarization is like a trigger. It may be pulled to any 
degree. But only when it is pulled beyond a certain point is a 
shot fi red. The shot is comparable to the action potential. Every 
time the shot is fi red, it has the same character. Another anal-
ogy: the handle of a water closet may be turned to any degree. 
But when it is turned beyond a certain point, the toilet gets 
fl ushed.

ACTION POTENTIAL
Action potential is a brief depolarization. Because of their brief 
duration and relatively large magnitude, action potentials are 
also referred to as ‘impulses’ or ‘spikes’. The exact duration 
and, to some extent, magnitude of the action potential depend 
on the tissue (Fig. 3.2.4).
 The action potential consists of a sharp depolarization fol-
lowed by repolarization (Fig. 3.2.4). The depola rization usually 
implies a change in the membrane potential from about –90 mV 

Figs 3.2.3A to D: All excitable cells show a basic similarity in response. If the initial graded depolarization crosses the threshold for 
excitation (T), an all or none type of depolarization (action potential) is induced. (A) Sensory nerve ending. (B) An axon. (C) Synapse.
(D) Neuromuscular junction.

Fig. 3.2.4: Action potential in a mammalian nerve (A), skeletal muscle 
(B), and cardiac muscle (C).

to +20 mV. Hence this depolarization may be more accurately 
described as a reversal of polari zation. Repolarization implies 
a return of the membrane potential to the RMP, i.e. about –90 
mV. Towards the end of the action potential there may be one 

3.2.indd   1203.2.indd   120 8/23/2010   12:01:30 PM8/23/2010   12:01:30 PM



C
H

A
PT

ER
 3

.2
: M

em
b
ran

e Po
ten

tial at R
est an

d
 d

u
rin

g
 A

ctivity

121

or two phases of relatively long-lasting small deviations from 
the RMP before the membrane potential fi nally settles at the 
RMP. These deviations are known as after potentials.

Ionic Basis of Action Potential
The action potential is generated by sequential changes in mem-
brane permeability to ions, principally sodium and potassium 
(Fig. 3.2.5). Briefl y, the depolarization is due to an increase in 
permeability to sodium. The concen tration gradient as well as 
the electrical gradient favour the infl ux of sodium ions into the 
cell. Hence, the increase in permeability leads to a rapid entry 
of sodium ions. Since the inside of a resting cell is negative as 
compared to the outside, entry of positively charged sodium 
ions leads to depolarization. The increased permeability to 
sodium lasts only a short while. When the sodium perme a-
bility starts declining, the membrane perme ability to potassium 
ions starts increasing. Since the concentration of potassium is 
higher inside the cell, and the outside of the cell is negative 
at the peak of the action potential, potassium ions diffuse out-
wards. Decline in sodium permeability coupled with increase 
in potassium permeability brings about repolarization. In short, 
depolarization is due to entry (infl ux) of sodium ions, and 
repolarization is due to exit (effl ux) of potassium ions. Thus 
repolarization is not exactly a reversal of what happens during 
depolarization. In other words, at the end of an action poten-
tial, the excitable cell has more sodium ions and less potassium 
ions than at the begin ning. Bringing the concentration back 
towards the origi nal is the job of the sodium pump, which it 
does slowly. However, the amount of imbalance crea ted by one 
action potential is so little as compared to the total number of 
ions in the cell that a nerve or muscle cell can fi re thou sands 
of action potentials in quick succession without suffering an 
appreciable change in ionic concentrations.
 There are many other questions regarding action poten tial 
which the above brief description leaves unanswered. Some 

Fig. 3.2.5: Ionic basis of action potential. gNa, sodium conductance 
gK, potassium conductance; V, action potential, VNa, sodium 
equilibrium potential; VK, potassium equilibrium potential.
(Reproduced with permission, from Hodgkin AL. Proc Royal Soc B 
1958; 148: 1-37, Fig. 12, p. 19 Courtesy: The Royal Society, London).

The Two Types of Changes

The differences between the two types of potential change 
represented by the end plate potential (EPP) and the action 
potential (AP) are important to understand. The end plate 
potential represents a purely physical process resulting from 
ionic movement along the electrochemical gradient conse-
quent upon widening of membrane channels. Hence it has 
no fi xed magnitude. Greater the ionic movement, greater 
the change. Since the magnitude of the change alters in pro-
portion to the degree of ionic movement, it is referred to as 
a graded change, i.e., it has many grades, not a fi xed value. 
Since an excitable membrane behaves like a cable, the elec-
trical change spreads along it for some time. The magnitude 
of change decreases as the distance from the site of origin 
increases. This is called decrement with distance. Also, at 
a given point on the membrane, the magnitude of change 
decreases with time. This is called decrement with time. 
The limited spread of the electrical change is due to local 
currents set up due to mutual attraction of unlike charges, 
and mutual repulsion of like charges. Such spread is called 
electrotonic spread. The EPP is still called a non-propagated 
change. Since propagation implies multiplication, a change 
is called propagated only if it spreads from point to point 
without alteration.
 In contrast, an AP is due to the biological properties 
of the membrane. It is generated by an explosive sequen-
tial change in membrane permeability if the EPP exceeds a 
threshold value. AP is an all-or-none phenomenon, i.e. it is 
not graded. It spreads without decrement. Hence it is said 
to be propagated.
 Understanding the characteristics of EPP and AP, and the 
terms used for denoting these, is important because they are 
basic knowledge for understanding not only neuro muscular 
transmission but also synaptic transmission and sensory per-
ception (Chapters 12.4 and 12.5).

of these questions will be answered by a little more detailed 
description of events further.

Voltage Clamp Technique
Before going into further details of the ionic basis of action 
potential, let us familiarize ourselves with the ingenious tech-
nique by which the ionic basis was worked out. The technique 
was pioneered by Hodgkin and Huxley in the 1950s. It has 
three basic components:
a. an intracellular electrode to measure the membrane 

potential,
b. an arrangement to fi x or clamp the membrane potential at a 

desired value, and
c. an intracellular electrode to inject current into the cell or to 

draw current from the cell so that the membrane potential 
can be changed to the desired level and maintained there. 
The amount of current to be injected or drawn is determined 
automatically by a regulating device which is a part of the 
set up.
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 The basic principle of the technique is that action poten-
tial is associated with fl ow of ions, which is equivalent to fl ow 
of current. If an equivalent change in membrane potential is 
induced artifi cially, similar fl ow of current would take place. 
If the voltage has to be clamped at the new level, the same 
amount of current would have to be injected artifi cially, but 
in the opposite direction. The injected current is thus a mirror 
image of the voltage-induced natural current fl ow. Hence, from 
the injected current we can deduce the natural current fl ow, 
which may be interpreted in terms of ionic fl ow.
 You may question the purpose of deducing ionic fl ow in 
this round about manner. The voltage clamp technique offers 
at least three advantages as compared to studying ionic fl ow 
in the entirely natural situation. First, the duration of the 
action potential is very brief. Therefore it is almost impos-
sible to make reliable observations about current flow. In 
the voltage clamp technique any membrane potential can be 
maintained for any desired length of time. Secondly, action 
potential is an all or none phenomenon. Therefore the phenom-
enon cannot be dissected in terms of current fl ow with vary-
ing degrees of change in membrane potential. In the voltage 
clamp technique, the membrane potential may be clamped at
– 60 mV, –40 mV, –20 mV, 0 mV, +20 mV, +40 mV and +60 
mV. Study of current fl ow at all these levels gives a better 
understanding of the phenomenon. Thirdly, the action potential 
is associated with the fl ow of at least two major ions: sodium 
and potassium. In the voltage clamp technique, one of these 
ions can be excluded from the intracellular as well as extracel-
lular fl uid. By doing so, the total current fl ow can be dissected 
into sodium current and potassium current.
 Let us examine the salient observations made with the volt-
age clamp technique. Clamping the membrane potential at 0 
mV led to the conclusion that depolari zation associated with 
the action potential is accom panied by negative clamp current 
followed by positive clamp current (Fig. 3.2.6). In terms of 
ionic fl ow it corres ponds to infl ow of positive ions followed by 
outfl ow of positive ions. When studied in the presence of only 
sodium or potassium ions, it was found that the obser ved cur-
rent fl ow is the net result of sequential sodium and potassium 
current fl ow. The action potential is initially associated with 
an inward sodium current followed by a slowly rising outward 
potassium current. The current may be interpreted in terms of 
conductance (reciprocal of resistance) using Ohm’s law. For 
example, sodium conductance of the membrane, gNa, may be 
calculated as follows:

gNa = INa/(E-ENa),
where INa is the sodium current, E is the membrane potential 
at which the fl ow of current takes place, and ENa is the sodium 
equilibrium potential. Conductance may be roughly interpreted 
as membrane permeability. That is why we say that action 
potential is associated with an increase in sodium permeability, 
which accounts for depolarization, followed by an increase in 
potassium permeability, which accounts for repolarization.

Fig. 3.2.6: The voltage clamp technique as applied to the squid 
giant axon. A. The membrane potential was changed from -60 to 0 
mV and clamped there. B. Clamping the potential at 0 mV led to the 
fl ow of current I, which is the resultant of sodium current (INa) and 
potassium current (Ik). C. Computed sodium conductance (gNa) and 
potassium conductance (gk) on the basis of INa and Ik (Adapted, with 
permission, from Hodgkin AL.Proc Royal Soc B 1958; 148: 1-37, Fig. 
9, p. 15. Courtesy: The Royal Society, London).

Voltage-gated Channels
We have seen earlier that an action potential is triggered by 
membrane depolarization above a threshold value. It has been 
postulated, with considerable evidence in support, that this is 
due to the existence of voltage-gated sodium and potassium 
channels in the membrane. Voltage-gated means that whether 
the channel is open or closed depends on the voltage. At the 
resting mem brane potential, the channels are closed. With 
slight depolari zation also, the channels remain closed. But 
when the membrane is depolarized beyond a certain threshold 
value, the channels open temporarily with a fi xed time course, 
which is different for the sodium and potassium channels. Let 
us consider the two channels one by one.

Sodium Channel
A suprathreshold depolarization of the membrane leads to 
a very prompt opening of sodium channels.3 As a result, the 
membrane permeability to sodium is increa sed to about 5000 
times. The increase is so marked that the sodium pump is 
rendered completely ineffective. There is a massive infl ux of 
sodium ions in accordance with the electrochemical gradi-
ent.4 As a result, there is an explosive change in membrane 

3 Voltage-gated sodium channels are different from the leak channels mentioned earlier.
4 Electrochemical gradient refers to both the electrical and concentration gradients. Since both these gradients favour sodium infl ux, the use of this term 
is specially convenient here.
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potential, usually to the extent of about 100 mV.5 However, the 
membrane poten tial still does not reach the sodium equilibrium 
poten  tial, i.e. +66 mV. The reason is that the sodium chan nel 
does not remain open long enough. However, the closure of 
the gate is not a reversal of the opening pro cess. This closure is 
therefore called inactivation of the sodium channel. The reason 
behind this fi ne distinc tion is that in a voltage-gated channel, if 
opening needs depolarization, closure should be dependent on 
a return to the resting membrane potential (RMP). But in fact 
sodium conductance starts coming down while the membrane 
is depolarized. In fact, decrease in sodium conduc tance contrib-
utes to repolarization. Thus decrease in sodium conductance by 
inactivation is the cause, repolari zation is the effect. However, 
when repolari zation (i.e. return to RMP) has been achieved 
the voltage-gated sodium channel is closed. This closure is a 
reversal of the opening of the channel. For closure, repolariza-
tion is the cause, and closure of the channel is the effect. In 
short, there are three possible states of the sodium channel. 
An action potential involves the channel going through all the 
three states in a sequential fashion (Fig. 3.2.7).
 It is considered that the voltage-gated sodium channel has 
two components: the activation gate and the inacti vation gate. 
At the RMP, the activation gate is closed, and the inactivation 
gate is open. Suprathreshold depo larization leads to open-
ing of the activation gate and closure of the inactivation gate. 
However the effect of the suprathreshold depolarization on the 
two compo nents of the gate has a different time course. The 
opening of the activation gate is quick while the closure of the 
inactivation gate is a delayed process. That is why there is a 
short interval during which both components of the gate are 
open. That is what leads to the action potential (Fig. 3.2.8).
 The concept of channels was initially proposed mainly 
on the basis of theoretical considerations. But now enough 
is known for them to be considered real. All channels are 
transmembrane proteins. The open ing or closing of a chan-
nel involves conformational changes in the channel protein. 
Voltage-gated channels respond to changes in membrane volt-
age because of a string of charged amino acid residues in a crit-
ical part of the channel. The selectivity of a channel is due to 
the size, shape and charge of the narrowest part of the chan nel, 
called the selectivity fi lter. A pictorial represen tation of an ion 
channel based on current knowledge is given in Figure 3.2.9.
 The behaviour of an excitable cell during inactivation of 
the sodium channel is different from its behaviour during the 

5 From –90mV to + 30 mV is a change of 120 mV

Fig. 3.2.7: Three states of the sodium channel —closed, open and 
inactivated—and the membrane potentials with which they are 
associated. RMP, resting membrane potential.

Fig. 3.2.8: Diagrammatic representation of voltage-gated sodium and potassium channels. Note the activation and then inactivation of the 
sodium channel (upper panel) and slow activation of the potassium channel (lower panel) by depolarization. (Reprinted, with permission, 
from Guyton AC. Textbook of Medical Physiology. Philadelphia: Saunders, 8th edition, 1991. Courtesy: WB Saunders Co).

resting state. When the channel is inactivated, the cell cannot 
be excited by a depolarizing stimulus because the channel is 
already in the delayed phase of a state induced by depolari-
zation. After the inactivation has led to repolarization, the 
inactivation gate is open, the activation gate is closed and the 
channel is once again in a position to respond to a depolarising 
stimulus in a bi phasic manner. That is why one action potential 
must be completed before a second one can be induced. Action 
potentials cannot be fused together, or superimposed on each 
other. This phenomenon accounts for the period during which 
an excitable tissue does not respond to a stimulus. The period 
of lack of responsiveness is called the refractory period. The 
concept of inactivation of the channel may be understood by 
considering once more the analogy of a water closet. A ‘rest-
ing closet’ may be activated to perform the fl ushing action by 
turning the handle beyond a certain threshold. Immediately 
after the fl ushing action the closet is inactivated. In the inacti-
vated state even a suprathreshold turning of the handle cannot 
activate it: in other words, the closet is refractory. One has to 
wait for the tank to get refi lled with water. After the tank is 
full, the closet is again in the resting state, ready to respond to 
handle-turning.
 Following the period during which the excitable cell does 
not respond to any stimulus (absolute refractory period), there 
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channels open up to trigger an infl ux of sodium ions which is 
suffi cient to produce an action potential.

Potassium Channel
You might be relieved to know that the potassium chan-
nel is relatively very simple. In response to a supra threshold 
depolarization, the voltage-gated potassium channels open 
with a slow time course. The opening of the potassium 
channel coincides with closure of the inacti vation sodium 
gate. Both these processes contri bute to repolarization and 
restore the resting membrane potential (RMP). At the RMP 

Fig. 3.2.9: Pictorial representation of the voltage-gated sodium chan nel. (A) The chan  nel, a trans membrane protein, can exist in three 
states: closed, open, or in activ ated. (B) Struc  ture of the channel protein. The protein con sists of four do mains, I—IV. Each do main has six 
alpha-helices, 1-6. Helix 4 has been mar ked with plus signs to indicate char ged amino acids.

ONE AT A TIME

In the 1980s, Neher and Sakmann perfected a technique 
for studying only one, or at the most a few ion channels 
at a time. The technique is called the patch clamp. A fi re-
polished glass micropipette with a tip diameter of about 1 
micron is pressed against the cell membrane of an excitable 
cell. The pipette is fi lled with a fl uid resembling the extra-
cellular fl uid. The pipette also contains a microelectrode 
which is connected to a device capable of recording fl ow of 
currents through ion channels under the tip of the micro-
pipette. The unique feature of the patch clamp technique is 
that after pressing the micropipette against the cell mem-
brane, a little suction is applied through the pipette. As a 
result, a high resistance seal is formed around the tip of the 
pipette. Thus we have a sealed, or clamped, patch of the 
membrane under the tip of the pipette (Fig. 3.2.10). The seal 
reduces the disturbance in recording that may be created by 

6 Refractory basically means unresponsive. It is used also for describing a person who is stubborn or unmanageable (i.e. unresponsive to advice or 
authority), or a disease that is unresponsive to treatment.

fl ow of currents through neighbouring ion channels outside 
the clamped patch. The clamped patch of cell membrane 
usually has 1-5 ion channels: exactly how many, can be made 
out from the recordings because each channel, even with 
the same features, does not open or close exactly at the 
same time. The behaviour of channels is expressed in terms 
of probability. For example, if the membrane potential is 
altered towards depolarization, the probability of every volt-
age-gated sodium channel opening up is increased, but every 
sodium channel does not actually open simultaneously. 
The number and type of channels on the clamped patch of 
cell membrane can thus be identifi ed from their behaviour 
under varying conditions of voltage, neurotransmitter con-
centration or mechanical stretch. On the other hand, learn-
ing more about the behaviour of the channels in the patch 
clamp set up teaches us new facts about the channels.

is a short period during which the cell responds to a stimulus 
stronger than the normal thres hold. This period during which 
the cell can be excited with some diffi culty is called the relative 
refractory period. In order to understand the relative refractory 
period, one should keep in mind that even a small part of the 
cell membrane has thousands of ion channels, not all of which 
behave in absolute synchrony. During the relative refractory 
period some of the voltage gated channels are ready for acti-
vation while some others are in the inactivated state. A strong 
stimulus is perhaps able to use the channels ready for activa-
tion over a larger area on the membrane. In the process enough 
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simple. The depolarization associated with the action poten-
tial induces a milder, but suprathreshold, depolarization in the 
neighbouring regions of the cell membrane. This is because 
during the action potential the membrane is positive inside 
as compared to outside the cell. Hence, in the neighbouring 
regions, on the outside of the cell membrane positive ions are 
repelled and negative ions are attracted towards the site of the 
action potential. Just the opposite happens on the inside of the 
cell membrane. That is why the neighbouring region of the cell 
membrane also becomes slightly negative outside and slightly 
positive inside. As you know, this type of a change is called 
depolarization. The depolarization induced by the action poten-
tial has the same features as the graded depolarization induced 
by the original stimulus. And, this induced depolarization is 
suprathreshold. Hence an action potential is generated in the 
neighbouring region. Repetition of the process leads to another 
action potential in the region next to the new action potential, 
and so on. Propagation of the action potential in this manner is 
called electrotonic spread (Fig. 3.2.11). Electrotonic spread can 
theoretically occur in all directions. But this actually happens 
only in muscle tissue. In nerve fi bers, the propagation of action 
potential is unidirectional because transmission across neuro-
muscular junctions and synapses is unidirectional.

Fig. 3.2.10: The patch clamp technique. The suction applied to the 
cell membrane through the micropipette creates a bleb in the patch 
of membrane immediately underneath, and clamps it by forming a 
high resistance seal around it.

the potassium channel closes automatically because it is 
voltage-gated.

Refractory Period
An excitable cell does not respond to a stimulus during the 
action potential. In other words, while the action potential 
lasts, the cell is refractory.6 The reason is that the sodium 
channels take some time to return from the inactivated state to 
closed state (Fig. 3.2.7). Closed channels can be stimulated to 
open, not the inactivated channels. Hence two action potentials 
cannot overlap or fuse. Since a stimulus, howsoever strong, 
cannot elicit a response during the action potential, this period 
is called the absolute refractory period.
 However, even after the action potential, the cell is diffi cult 
to excite, i.e. it responds only to a strong stimu lus. The reason 
is that depolarization of the action potential is essentially due 
to sodium influx while repola rization is due to potassium 
effl ux. Hence, at the end of an action potential, the sodium con-
centration of the cell is a little higher, and potassium concen-
tration a little lower. This change is corrected by the sodium 
pump. Sodium pump extrudes sodium ions and lets potassium 
ions enter the cell in the ratio 3:2. Since more cations leave the 
cell than those which enter, the cell is hyperpolarized for some 
time after an action potential. The hyperpolarization raises the 
threshold of stimu lation. Therefore we need a stronger stimulus 
to elicit a response from the cell. The short period following 
an action potential when the cell is refractory to an ordi narily 
threshold stimulus but responds to a stronger sti mulus is called 
the relative refractory period.

Propagation of the Action Potential
The action potential is propagated without decrement along 
the membrane of the excitable cell. The mechanism is rather 

Fig. 3.2.11: Electrotonic spread of impulse in an excitable tissue. 
(A) Electrotonic currents are generated between the excited region 
(1) and the neighbouring regions. The arrows indicate conventional 
current, which fl ows from electrically positive regions to negative 
regions. (B) Electrotonic spread results in depolarization of regions 
2 and 2’. It is presumed that the depolarization is threshold, and 
therefore an action potential is generated at 2 and 2’. Excitation of 
regions 2 and 2’ sets up electrotonic currents between these regions 
and the neighbouring regions. (C) By a similar process regions 3 and 
3’ are now excited. The impulse does not spread from 3 to 2 because 
region 2 is refractory due to recent excitation.
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 You might have observed that propagation of the action 
potential bears a superfi cial resemblance to a lighted sparkler. 
Once the tip of the sparkler has been lighted, it heats the imme-
diately adjacent region. When the temperature of the adjacent 
region crosses the igni tion point (threshold), sparkles are pro-
duced. The sparkling region then heats the region adjacent to 
it, and so on. The process continues from point to point till the 
whole length of the sparkler has been covered.
 The above account is a general one and is essentially true 
for all excitable cells. But each excitable tissue has some 
unique features. The unique features of cardiac tissue will be 
discussed in the next Chapter.

QUESTION AND PROBLEM
1. Describe the sequence of events following paralysis of the 

sodium pump.

ANSWER AND SOLUTION

1. Paralysis of the pump leads to unopposed infl ux of sodium 
ions and effl ux of potassium ions. As a result, the membrane 
potential tends to disappear, i.e. the membrane becomes less 
negative inside. The chloride ions tend to adjust their con-
centration to the changing membrane poten tial. Therefore 
there is an infl ux of chloride ions as well. Infl ux of chlo-
ride ions increases the total intracellular ionic concentra-
tion because it cannot be neutralised by the effl ux of protein 
anions. Increased intracellular ionic concentration increases 
the osmotic pressure of the intracellular fl uid. Hence water 
fl ows into the cell leading to expansion of cell volume. The 
overall result of abolition of the sodium pump, therefore, 
is that the cell volume expands and the composition of the 
intracellular fl uid starts resembling that of the extracellular 
fl uid.
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3.3
Electrophysiology

of the Heart

In this Chapter we shall dwell on the principles of electrophysi-
ology discussed in the last chapter with special reference to the 
heart. Heart shows two types of electrical activity (Fig. 3.3.1). 
One type, seen in muscle cells and Purkinje fi bres is character-
ized by a resting membrane potential (RMP) of about –90 mV, 
and a prolonged action potential lasting 200-300 msec, much 
of which is occupied by a plateau of depolarization. The other 
type, seen in sinoatrial (SA) and atrioventricular (AV) node 
is characterized by an unstable RMP of –60 to –40 mV, and a 
somewhat shorter action potential without a plateau. The two 
types of activity have a dis tinct ionic basis as well as functional 
signifi cance as discussed in the subsequent pages.

ELECTRICAL ACTIVITY OF THE MYOCARDIUM
As mentioned above, the RMP in the myocardial cells is about 
–90 mV. Its genesis is similar to that in other cells, as explained 
in Chapter 3.2. If the membrane is depo larized beyond a 
threshold level, an action potential is fi red. As in other excit-
able cells, the action potential is an all or none depolarization 
which is propagated along the cell membrane without decre-
ment. But in the myo cardial cells, the action potential has some 
unique charac teristics. The contour of the action potential in 
heart muscle cells is conventionally described in terms of fi ve 
phases (0-4). Phase 0 is the sudden depolarization. Compared 
to the RMP, it involves reversal of the memb rane potential, 
making it slightly positive (about +20 mV). Phase I is the slight 
but quick repolarization at the end of Phase 0 which creates the 
spike. Phase 2 is the prolonged depolarization, often called the 
plateau,1 which is the unique feature of cardiac muscle cells. 
Phase 3 is the phase of rapid repolarization. Phase 4 is the 
phase dur ing which resting conditions are restored in terms of 
membrane potential as well as ionic conductances (Fig. 3.3.2).

Ionic Basis of Myocardial Action Potential
The ionic basis of myocardial action potential is broadly simi-
lar to that in case of other excitable cells (Chapter 3.2). But 
at the same time there are enough pecu liarities here to merit a 
separate description.

1 A plateau is an extensive land area with a surface that is relatively fl at but at a rather high altitude.

Fig. 3.3.1: Two types of electrical activity in the heart.

Phase 0
A myocardial cell generates a spike (phase 0) when a wave of 
electronegativity, termed cardiac impulse, approa  ches it and 
induces suprathreshold depola ri zation. The suprathreshold 
depolarization leads to an open ing up of voltage-gated sodium 
channels. As a result, the membrane conductance for sodium 
ions increases. The electrical as well as concentration gra dients 
are already in favour of sodium infl ux. Now that the conduct-
ance is also increased, the sodium pump is comple tely over-
whelmed and can no longer keep sodium ions out. As a result, 
sodium ions rush in and lead to further depolarization so rapidly 
that it is recor ded as a spike. However, the increase in sodium 
conduc tance lasts only about 1 msec because depola rization 
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sets into motion also another process: closure of sodium chan-
nels through inactivation (Figs 3.2.8 and 3.2.9). Since sodium 
channels remain inactivated throughout depolarization, another 
stimulus fails to excite the cell till the RMP has been restored.
 Tetrodotoxin (TTX) is a specifi c blocker of the sodium 
channels. Since TTX prevents infl ux of sodium ions, it blocks 
the spike. No spike means no excitation. No exci tation means 
no contraction. No contraction of the heart means death. That 
is why TTX is a very potent poison.2

Phase 1
Phase 1 consists of slight repolarization immediately following 
the steep depolarization of Phase 0. Two factors contribute to it. 
One of these is the inactivation of sodium channels mentioned 
above. The other factor is the opening of a specifi c group of 
potassium ion channels. These potassium channels open briefl y 
in response to depolarization, and lead to a transient effl ux3 of 
potassium ions. Effl ux of potassium ions takes the membrane 
potential towards the potassium equilibrium potential, i.e. 
towards repolarization. But since the effl ux is brief, it produces 
only a slight repolarization.

Phase 2
Phase 2 is the phase of sustained depolarization lasting 
about 200 msec. It is primarily due to calcium infl ux through 

channels of the L-type, so called because their activation (or 
opening) is long-lasting. The threshold for the L-type calcium 
channels to open is –35 mV. During the upstroke of the action 
potential (Phase 0), when the potential reaches -35 mV, the cal-
cium channels open up. At that stage, sodium channels are also 
open. But sodium channels are soon inactivated while calcium 
channels continue to remain open. The effect of sodium infl ux 
as well as calcium infl ux is the same, i.e. depolarization.
 There are two types of potassium channels (different from 
those that account for phase 1) which also contri bute to the 
plateau. These are called rectifi er channels, so called because 
their conductance depends on the membrane potential. Their 
conductance is low when the cell is depolarized. When potas-
sium conductance is high, potassium effl ux is increased and 
tends to repolarize the cell. By keeping the conductance low, 
the rectifi er channels indirectly help in maintaining the cell in a 
depolarized state.
 Thus the plateau is primarily due to calcium infl ux through 
the L-type calcium channels. However, calcium infl ux fails to 
lead to further depolarization because some potassium effl ux 
also continues through rectifi er channels. The potassium effl ux 
is just enough to prevent further depolarization but not enough 
to produce repola rization. The result is a relatively constant 
membrane potential, or plateau.
 Calcium infl ux during the plateau phase induces release of 
calcium from the sarcoplasmic reticulum, which in turn leads 
to contraction. Thus calcium infl ux is an important link in 
excitation-contraction coupling. Sympathetic nerve stimulation 
and catecholamines stimulate the calcium infl ux associated 
with depola rization. That is one possible mechanism by which 
sympa  thetic stimulation increases the force of contrac tion of 
the heart. On the other hand, calcium channel blockers, such as 
nifedipine and diltiazem, inhibit cal cium infl ux, and reduce the 
force of contraction.

Phase 3
This is the phase of rapid repolarization. It is primarily due 
to potassium effl ux, but reduced calcium infl ux also contri-
butes. When the calcium channels start closing, the continu-
ing potassium effl ux is able to produce some repolarization. 
Repolarization increases the effl ux of potassium through recti-
fi er channels. Thus it becomes a positive feedback (or reinforc-
ing) mechanism. Repolari zation increases potassium effl ux, 
potassium effl ux induces further repolarization. That is why 
after an initial slow repolarization, further repolarization is 
very rapid. The process comes to an end near the potassium 
equili brium potential, which is close to the RMP.

Phase 4
During phase 4, the cardiac muscle is at RMP. The small 
changes in sodium, potassium and calcium ion concentrations 
resulting from movement of these ions during the action poten-
tial are corrected by the activities of the Na+ – K+ pump and 
Na+ – Ca++ exchanger.

Fig. 3.3.2: Electrical activity of the myocardium. Top: phases of the 
action potential. Bottom: ionic basis of the action potential.

2 Besides the heart, another excitable tissue, the paralysis of which leads to death, is the respiratory muscles.
3 Infl ux is entry of ions into the cell. Effl ux is exit of ions from the cell.
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ELECTRICAL ACTIVITY OF THE NODAL TISSUE

Two important characteristics distinguish electrical activity of 
the nodal tissue from that of the myocardium (Fig. 3.3.1).
a. Nodal tissue does not have what may be truly called the 

‘resting’ membrane potential. Even during the ‘resting’ 
phase, the membrane potential moves steadily towards 
depolarization. When depolarization reaches a threshold 
value, an action potential is fi red.

 The functional signifi cance of the unsteady RMP is that 
nodal tissue generates rhythmic impulses ‘sponta neously’.4 
Without any apparent stimulus, the resting cell undergoes 
steady depolarization, which triggers an action potential. 
When the action potential is over and the cell is repolar-
ized, it immediately starts undergoing a slow but steady 
depolarization once again. The cycle continues rhythmi-
cally, about 70 times per min in the sinoatrial (SA) node, 
and under appropriate conditions, about 30 times per min 
in the atrioventricular (AV) node. This electrical property 
is related to the fact that SA node is normally the pace-
maker of the heart. Therefore the slow depola rization 
during the resting phase is also called the pacemaker 
potential.

b. The action potential of the nodal tissue is also different 
in character. The rate of rise of the upstroke (phase 0) is 
slower, and the amplitude of action potential smal ler than in 
myocardial fi bres. These electrical charac teristics are cor-
related with the slower conduction velocity in nodal tissue. 
The slow conduc tion through the AV node has special func-
tional signifi cance as discussed later.

Ionic Basis of Electrophysiological Properties of 
Nodal Tissue
Although the ionic basis of all phases of electrical activity is 
interrelated, for convenience we shall discuss the genesis of 
pacemaker potential and action potential separately (Fig. 3.3.3).

Pacemaker Potential
The pacemaker potential is due to at least three types of ionic 
movement.
1. The cell membrane in nodal tissues is ‘leaky’ because of 

nonselective channels, i.e. it is relatively permeable to ions 
all the time. During the ‘resting’ conditions, the electro-
chemical gradients are such that the maximum movement 
through these nonselective channels is that of sodium ions. 
Sodium ions leak into the cells from extracellular fl uids 
continuously. The result is depola rization, which contrib-
utes to the pacemaker potential.

2. The main current thought to be responsible for the pace-
maker potential is one called the ‘funny’ current. It is called 
funny because of two unusual features. First, unlike most 
other currents, it is activated by hyper  pola rization. It has 
a threshold of –40 to –50 mV, and gets stronger as the 

Fig. 3.3.3: Ionic basis of electrophysiological properties of the SA 
node. The funny current, which mainly consists of sodium infl ux, is 
present throughout the pacemaker potential. Note that it begins when 
the membrane potential reaches –50 mV during repolarization. 
Calcium conductance is high throughout the action potential, and 
also contributes to the earliest part of the pacemaker potential. The 
threshold for calcium conductance to increase is about –55 mV 
towards the end of the pacemaker potential. Potassium conductance 
rises slowly during the action potential and is the main contributor 
to repolarization. It opposes the pacemaker potential, but since its 
opposition declines steadily during that phase, it lets the pacemaker 
potential happen.

polarization increases. Hence it begins towards the end of 
repolarization, and grows as the repolarization increases. 
The second ‘funny’ feature of the current is that it is associ-
ated with increa sed permeability to both sodium and potas-
sium. But the dominant effect is that of sodium infl ux, and 
hence the depolarization. The funny current is activated 
towards the end of repolarization (phase 3) and continues 
throughout phase 4.

3. A contribution to the last part of pacemaker potential is 
made by calcium ion infl ux. Calcium ion infl ux accelerates 
the depolarization and takes it faster towards the threshold. 
The increased potassium conductance which is responsi-
ble for repolarization continues into the resting phase and 
opposes the pacemaker potential. But the three ionic cur-
rents mentioned earlier are able to produce the pacemaker 
poten tial in spite of potassium ion transport working in the 
opposite direction. However, the repolarizing potas sium 
current declines steadily during the pace maker potential. 
Thus its decline makes an indirect contribution to the pace-
maker potential.

4 Strictly speaking, nothing happens spontaneously. Every effect has an underlying cause. What ‘spontaneously’ means in the present context is that 
nodal tissue gets excited rhythmically without any stimulus from nerves, hormones, stretching, or depolarization of neighbouring tissues.

3.3.indd   1293.3.indd   129 8/23/2010   12:01:44 PM8/23/2010   12:01:44 PM



SE
C

T
IO

N
 3

: 
C

ir
cu

la
ti

o
n

130

Action Potential
In the nodal tissue, the depolarization of the action potential is 
almost entirely due to calcium ion infl ux and repolarization is 
due to potassium ion effl ux.

PACEMAKER FUNCTION
The nodal tissue, and to some extent the entire conduc tion 
system of the heart (Chapter 3.1), generates impulses appar-
ently spontaneously: this property is called automaticity. Not 
only do these tissues get excited ‘auto matically’, their rate of 
excitation is remarkably regular: this property is called rhyth-
micity. However, the rate at which different parts of the con-
duction system discharge impulses is not the same. The SA 
node discharges impul ses at the fastest rate, the AV node next, 
and the rest of the conduction system does so with the least 
frequency. The rate at which the SA node fi res determines the 
heart rate. This is so because an impulse originating in the SA 
node spreads throughout the heart by means of the conduction 
system and results in sequential contraction of different cham-
bers of the heart. Before an impulse from the AV node or any 
other part of the conduction sys tem can initiate an impulse, the 
next impulse from the SA node is discharged because its rate of 
fi ring is the highest (Fig. 3.3.4). That is why the rate of fi ring of 
the SA node determines the rate at which the heart beats. The 
SA node is called the pacemaker of the heart because it deter-
mines the pace of the heart.
 The situation may be understood by imagining a train with 
more than one engine. If each of the engines is set for running 
at different speeds, the speed of the train will be determined by 
the fastest engine. In fact the ability of the other engines to pull 
the train will be hardly obvious until the fastest engine fails. If 
the fastest engine fails, the second fastest engine will take over, 

Fig. 3.3.4: The rate of discharge of impulses is higher in the SA 
node than in the AV node or any other part of the conduction system. 
Hence the SA node impulses precede any potential impulses from 
other regions. Therefore, only the SA node impulses actually manifest 
themselves and drive the heart. 1-7, SA node impulses 1’-4’, potential 
AV node impulses.

Fig. 3.3.5: If a train is pulled by two engines (1 and 2) running at different speeds, the speed of the train will be determined by the faster 
engine (1). The presence of the other engine (2) will become apparent only if the faster engine fails. In the same way, the region with the 
highest discharge frequency determines the pace of the heart. The ability of the other regions to set the pace of the heart becomes apparent 
only if the normal pacemaker fails.

and will determine the speed of the train (Fig. 3.3.5). In the 
same way, if the SA node fails, the heart beats at the slower rate 
dictated by the AV node.
 The phenomenon of suspension of pacemaker activity in 
cells other than those of the SA node is called overdrive sup-
pression. Overdrive suppression is due to the relative refrac-
toriness immediately following an action potential (i.e. during 
phase 4). The refractoriness makes any impulse arising from 
potential pacemaker sites ineffec tive. For example, in Fig. 
3.3.4, 1’ is ineffective because it falls during the relative refrac-
tory period induced by 1; 2’ is ineffective because it falls during 
the relative refrac tory period induced by 3; and so on. The rela-
tive refractory period, in turn, is due to the hyper polarization 
of phase 4. Hyperpolarization of phase 4, as discussed earlier 
(Chapter 3.2), is due to the activity of the sodium pump, which 
extrudes more sodi um ions than the number of potassium ions 
picked up.
 The pacemaker, normally the SA node, thus deter mines 
the heart rate. But what determines the rate of the pacemaker 
discharge? The rate of the pacemaker discharge is determined 
by the slope of the pacemaker potential. This is because how 
soon an action potential is fi red depends upon how soon the 
threshold is reached. The time taken to reach the threshold 
depends on the rate of slow depolarization during the ‘rest-
ing’ phase. Hence the frequency of action potentials depends 
on the slope of the pacemaker potential (Fig. 3.3.6). The effect 
of acetylcholine and adrenaline on the heart rate may also be 
understood in terms of their effect on the pacemaker potential 
(Fig. 3.3.7). The mechanism under lying the effect of acetylcho-
line and adrenaline on the slope of pacemaker potential may 
be understood in terms of the effect of these chemicals on the 
channels mediating the funny current. Adrenaline facilitates 
the opening, and acetylcholine shows down the opening of 
these channels. The opening of these channels is mediated by 
cAMP. That is why the funny current channels are now called 
hyperpolarization—activated cyclic nucleotide-gated (HCN) 
channels.

Fig. 3.3.6: Rhythmic electri cal activity of pacemaker cells.
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Fig. 3.3.7: Mechanism under lying the effect of sympathetic stimulation (A) and para sympathetic stimulation (B) on heart rate. The solid lines 
re present the control action poten tial in sinoatrial (SA) node. P represents the pacemaker potential. Sympathetic stimula tion (dotted curve, A) 
makes the slope of the pacemaker potential more steep. As a result the threshold depolarization (T, dotted horizontal line) is reached faster. 
Hence the heart rate increases. Parasympathetic stimulation (dotted curve, B) makes the slope of the pace maker potential less steep. As 
a result, it takes longer to reach the threshold depolarization. Hence the heart rate decreases.

Fig. 3.3.8: Spread of the cardiac impulse. The impulse is delayed 
at the AV node by about 0.1 second. SA, sinoatrial node; AV, 
atrioventricular node.

Fig. 3.3.9: Time taken by the cardiac impulses to reach different 
parts of the heart. The impulse originates in the sinoatrial node 
(SA). If we consider the time of onset of the impulse to be zero time 
(0.00), the fi gures in the diagram indicate the time (in seconds) at 
which the impulse reaches different parts of the heart. The impulse 
takes a maximum of 0.09 s to reach the farthest portions of the left 
atrium. But it takes 0.13 s to travel across the atrioventricular node 
(AV). Once it crosses the AV node, the impulse spreads rapidly to 
both ventricles.

CONDUCTION OF CARDIAC IMPULSE

The cardiac impulse originates in the SA node. Since cardiac 
muscle is a functional syncytium, the impulse spreads to the 
atria like ‘ripples in a pond’ (Fig. 3.3.8). After spreading to the 
atria, the impulse reaches the AV node. AV node has very thin, 
slow conducting fi bers. Therefore the impulse is delayed by 
about 0.1 sec at the AV node, after which it spreads rapidly to 
the ventricles. In the ventricles the endocardial surface depo-
larizes before the epicardial surface. Also, the depolarization 
of the right ventricle is complete about 10 msec before that of 
the left ventricle because of its smaller muscle mass. The time 
taken by the cardiac impulse to reach different regions of the 
heart has been depicted in Figure 3.3.9.
 The sequence of repolarization is not exactly the same as 
that of depolarization. Although the septum and endocardial 

surface of ventricles depolarize fi rst, it is the outer surface 
which repolarizes fi rst.

QUESTIONS AND PROBLEMS
1. What is the physiological signifi cance of AV delay?
2. What is the applied signifi cance of knowing that upstroke 

of the action potential depends on sodium influx in 
myocardial cells but it depends on calcium infl ux in nodal 
tissue?
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ANSWERS AND SOLUTIONS

1. It is because of the AV delay that atria and ventricles do not 
contract simultaneously. Function of the heart depends on 
relaxed ventricles getting fi lled by atrial contraction, and 
relaxed atria getting fi lled during ventricular contraction. 
Hence AV delay is of great physiological signifi cance.

2. The signifi cance lies in the treatment of cardiac arrhythmias. 
Reduction in cation infl ux reduces the slope of the upstroke 

and amplitude of the action potential. These changes in 
action potential slow down the speed of propagation of the 
action potential. Therefore Na+ channel antagonists such as 
procai namide inhibit conduction of cardiac impulse through 
myocar dial fi bres, whereas Ca+ channel antagonists such 
as nifedipine inhibit conduction through nodal tissue. Thus 
the two groups of drugs can be used for different types of 
arrhythmias.
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3.4
Properties of

Cardiac Muscle

Cardiac muscle has some unique properties which make it ide-
ally suited for the function it performs. These properties can be 
easily understood in light of the structural features and electro-
physiology outlined in the previous chapters. These properties 
have been discussed below under conventional heading. Most 
of the proper ties given below can be studied by you through 
simple experiments on the frog’s heart. However, the time 
that you would take to do so would be much more than that 
required to read the chapter. Some of your experiments might 
even fail. The experience in the laboratory would give you a 
good taste of the slow, painful and hazardous journey involved 
in the pursuit of truth.1 Just imagine how much time genera-
tions of brilliant and inquisitive minds would have spent to col-
lect the knowledge in just this single book ! Would you not like 
to join this select band and make your own little contribution to 
the intellectual heritage of mankind?

PROPERTIES THAT MAY BE STUDIED IN A 
BEATING HEART

Automaticity

Even a completely denervated heart or an isolated per fused 
heart continues to beat. The capability to contract even in the 
absence of neural control is called automaticity.

Rhythmicity
Not only does the denervated heart continue to beat, it does so 
remarkably rhythmically. What it means is that the heart beats 
are extremely regular. The time interval between any two con-
secutive beats is exactly the same. Rhythmicity is conferred on 
the heart by the pacemaker tissue. Normally the SA node is the 
pacemaker of the heart, i.e. it determines the heart rate.

Long Refractory Period
Refractory period is the period during which a stimulus fails 
to evoke a response. In a beating heart, if an external stimu-
lus is applied during contraction, there is no response irre-
spective of how strong the stimulus is. This is because cardiac 
muscle is refractory throughout contraction. The reason why 

cardiac muscle has a long refractory period is that the duration 
of its action potential is almost as long as that of its mechani-
cal activity (Fig. 3.4.1). Since a fresh action potential has to 
be associated with every mechanical response, the mecha nical 
responses of cardiac muscle cannot be merged. In other words, 
contraction of cardiac muscle should be over and almost com-
plete relaxation should take place before the next contraction 
can begin. Hence cardiac muscle cannot be tetanised.
 Since the refractory period is related to the duration of con-
traction, it is dependent on the heart rate. That is why, when the 
vagus nerve is stimulated the heart rate decreases, leading to 
prolongation of the refractory period of heart.
 Refractory period may be divided into two phases:
i. The initial phase of complete refractoriness, during which 

no stimulus can produce any contraction, however strong. 
This phase is known as absolute refractory period.

ii. Following contraction, when the muscle starts relaxing the 
excitability of the muscle gradually returns towards normal. 
During this phase, a stimulus considerably stronger than 
the threshold stimulus may lead to a response. This phase is 
known as the relative refractory period (Fig. 3.4.1).

1 The experiments outlined in this chapter have been discontinued in most medical schools. But the remarks are valid for laboratory teaching as a whole.

Fig. 3.4.1: Time relations of action potential (A) and mechanical 
contraction (B) in cardiac muscle. ARP, absolute refractory period; 
RRP, relative refractory period.
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Extrasystole and Compensatory Pause
During the relaxation period, cardiac muscle is in the relative 
refractory period. If a suffi ciently strong electri cal stimulus is 
applied during this period, it leads to a contractile response. 
Since this contraction appears earlier than the normally 
expected contraction, it may be considered ‘extra’. Hence it 
is called extrasystole. The next natural impulse then arrives 
during the refractory period corresponding to the extrasys-
tole. Hence the natu ral impulse is ineffective, and a normally 
expected contrac tion is missed. This leads to a pause in cardiac 
acti  vity, which is known as the compensatory pause (Fig 3.4.2).
 In real life also an extrasystole may be seen sometimes. 
It may occur because a papillary muscle may fi re an impulse 
before the normal impulse reaches the ventri cles, leading to 
premature contraction (extra systole) of ventricles.

PROPERTIES THAT MAY BE STUDIED IN A 
QUIESCENT HEART

Rhythmic beating of heart makes the study of some proper-
ties of cardiac muscle difficult. In mammalian heart, the 
impulse originates in the SA node which is embedded within 
the right atrial muscle. Therefore it is technically diffi cult to 
stop the heart by blocking the pacemaker region. However, in 
the amphibian heart, the pacemaker resides in the sinus veno-
sus. The junction of the sinus venosus and atria can be easily 
blocked by tying a knot around it.

The First Stannius Ligature
If one passes a thread between the sinus venosus and atria and 
ties a ligature tightly at the white crescentric line (this line can 
be seen clearly on the posterior aspect at the junction of sinus 
venosus and atria), the atria and ventricle stop contracting 
temporarily although the sinus venosus continues to beat nor-
mally. The atria and ventricles remain at a standstill for 5 to 30 

2 ‘Discover their capability’ is not strictly true: atria cannot discover anything. The expression incorporates literary licence. Scientifi cally, the overdrive 
suppression of atria comes to an end.
3 Strictly speaking, nothing happens ‘spontaneously’. But it is a convenient word to use, so long as we understand its limitations.

Fig. 3.4.2: Extrasystole and compensatory pause. An electrical 
stimulus (St) applied during diastole leads to an extrasystole but 
is followed by a compensatory pause. (Based on an experimental 
record. Courtesy: Department of Physiology, AIIMS).

Fig. 3.4.3: Stannius ligatures. (A) Mechanical record of a frog’s heart beat. s, a and v denote contractions of the sinus, atria and ventricle 
respectively. (B) After tying the fi rst Stannius ligature, the sinus discharge is not conducted to atria.Therefore, the atria and ventricle beat at 
the slower atrial rhythm. (C) After tying the second Stannius ligature, the atrial discharge is also not conducted to the ventricle. Therefore, 
the atria and ventricle beat independently. The ventricle beats at its slow idioventricular rhythm. (Based on an experimental record. Courtesy: 
Department of Physiology, AIIMS).

minutes. Then the atria start beating, initially slowly and then a 
little faster, but the rate is still much lower than that of the sinus 
venosus. The ventricles follow the atrial rhythm (Fig 3.4.3). In 
short, the heart can be seen to beat at two indepen dent rhythms. 
One is the fast rhythm of contrac tion of the sinus venosus. The 
second rhythm is the slower rhythm of atria and ventricles.
 The observations following the tying of the fi rst Stannius 
ligature may be explained as follows. Imme diately on tying the 
ligature the impulse cannot be conducted from the sinus to the 
atria. On the other hand, atria and ventricles, which are nor-
mally accusto med to following the rhythm of the sinus, are not 
suddenly ready to take over the leadership role. Therefore, the 
atria and ventricles stop completely. After a short while, how-
ever, the atria discover their capa bility2 and start discharging 
spontaneously3 and rhyth mically, although at a slower rate than 
the sinus. The ventricles also start following the atrial rhythm.

The Second Stannius Ligature
If a second ligature is passed at the junction of the atria and 
the ventricle, the ventricle stops contracting although the atria 
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continue to beat. After a relatively long time (30 minutes to 
one hour) the ventricle starts contracting at a slower rate (even 
slower than the atria) which is known as idioventricular rhythm 
(Fig 3.4.3).
 The effects of the second Stannius ligature, which blocks 
the conduction of impulse from the atria to ventri cle, may be 
explained in a similar way. The ventri cles, which are normally 
accustomed to following the atrial rhythm, are not suddenly 
ready to discharge sponta neously. Therefore the ventricles stop 
beating. After some time, however, the ventricles recover from 
the shock of ‘leaderlessness’ and start discharging spontane-
ously and rhythmically, although at a slower rate than the atria. 
In short, after both the Stannius ligatures have been tied and 
the heart has recovered from their immediate effects, the frog’s 
heart has three independent rhythms, characteristic respectively 
of the sinus (fastest), atria (intermediate) and ventricles (slow-
est). The three regions beat independently because their com-
munication through the conduction system has been blocked 
by the ligatures.
 The simple experiments described above explain the hier-
archy of impulse generation as well as the capability of the dif-
ferent parts of the heart to act as pacemakers, if required. After 
the second Stannius ligature, while the ventricle is at a stand-
still, one can study some more properties of the cardiac muscle 
described below.

All or None Law
If an arrangement is made for application of external electrical 
stimuli to the quiescent (stopped) ventricle, and the mechanical 
response is recorded, the threshold stimulus can be determined. 
A threshold stimulus is the weakest stimulus which gives a 
response. If 15 to 30 seconds after applying the threshold stim-
ulus, a supra threshold stimulus (i.e. a stimulus stronger than 
the threshold) is applied to the ventricle, the force of contrac-
tion remains the same (Fig 3.4.4). If the strength of the stimu-
lus is increased still further, the magnitude of the response still 
remains the same. This is called all or none law. In other words, 
we either get all of the response or none at all. The explanation 
of this behavior of the heart has two aspects. First, all excitable 
tissues (i.e. nerve and muscle tissues) follow all or none law. 
This is possibly because action potential is an all or none phe-
nomenon. Second, the entire heart behaves like a single unit 
of excitable tissue, i.e. like a single cell. This is because car-
diac muscle fi bers have low resistance junctions called interca-
lated discs. Hence an impulse generated in any part of the heart 
spreads throughout the heart. Therefore, if a part of the heart 

contracts, the whole of it contracts, and always with the same 
force. That is why the heart is said to be a functional syncy-
tium, i.e. functionally it is a single cell.
 However, there is one important aspect of all or none 
law which is frequently overlooked. The law states that, 
conditions remaining the same, an excitable tissue either 
gives all of the response, or none at all. If the conditions of 
stimulation change, the response may also change. For exam-
ple, a heart which has been giving a uniform response to 
stimuli of different strengths would give a stronger contrac-
tion in response to a stimulus if simu ltaneously exposed to 
adrenaline. This does not in any way violate all or none law 
because the presence of adrenaline has changed the conditions 
of stimulation.

Staircase Phenomenon
If a quiescent ventricle is stimulated repeatedly such that the 
interval between consecutive stimuli is less than 10 seconds, 
the fi rst 3-4 contractions are progressively more forceful. This 
is known as staircase phenomenon. Appa rently the staircase 
phenomenon seems to violate all or none law. But in fact each 
stimulus alters the conditions for the next stimulus. Hence the 
response to the next stimulus is also altered. The alteration in 
conditions may be in terms of sarcoplasmic calcium ion con-
centration. Since a large amount of calcium ions is released 
during each contraction, the pumping back of calcium into the 
sarco tubular system may not be complete within 10 seconds. 
Hence the second stimulus operates under the benefi cial effect 
of higher calcium ion concentration. The other reason could be 
incomplete heat dissipation follow ing contraction. The subse-
quent stimulus operates under a warmer environment which 
leads to better contraction.
 In contrast with the staircase phenomenon, in a failing 
heart, repeated stimulation leads to each successive response 
becoming progressively weaker. This happens due to a 
decrease in the sensitivity of the myofi laments to calcium ions. 
Hence, the force of contraction does not improve inspite of the 
calcium infl ux with each stimulus.

Length-Tension Relationship
The force of contraction of cardiac muscle is directly propor-
tional to the initial length of the muscle fi bers. This is known 
as the Starling’s law of heart. In practice, the length of the car-
diac muscle fi bers increases when the venous return increases. 
Hence increase in venous return increases the force of contrac-
tion of the ventricle. This property has several implications 

Fig. 3.4.4: All or none law. A quiescent frog heart was stimulated electrically with successively stronger stimuli. St1-St5. St1 and St2 gave 
no contractile response, while St3, St4, and St5 gave nearly identical contractile responses. (Based on an experimental record. Courtesy: 
Department of Physiology, AIIMS).
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for cardiovascular function, and would be discussed in greater 
detail in Chapter 3.8.

Force-Velocity Relationship
It has been shown experimentally that isolated papillary mus-
cles begin to shorten after they have developed suffi cient ten-
sion to lift the load imposed on them. The rate of shortening 
decreases as the load increases.
 If you compare the properties of cardiac muscle with those 
of skeletal muscle, you would fi nd many simi larities and a few 
differences. The differences are important in view of the func-
tions which the two types of muscle have to perform, and have 
a structural basis. You would fi nd it interesting and instructive 
to ponder over these points at leisure.

QUESTIONS AND PROBLEMS
1. Which properties of cardiac muscle are shared by skeletal 

muscle?
2. Does skeletal muscle follow all or none law?
3. How is it that repeated stimulation of cardiac muscle gives 

an all or none response in one experiment and staircase phe-
nomenon in another experiment?

ANSWERS AND SOLUTIONS

 Property of cardiac muscle Seen in skeletal muscle

 Automaticity No
 Rhythmicity No

 Long refractory period No
 All or none law Yes (see Ques. 2)
 Staircase phenomenon Yes, the benefi cial effect of 
 previous stimulus is comparable
 Length-tension relationship Yes
 Force-velocity relationship Yes

2. Yes, all excitable tissues (i.e. nerve and muscle tissue) fol-
low all or none law. Cell is the functional unit of tissues 
and hence each cell follows the all or none law. The cardiac 
muscle cells are interconnected by low resistance junctions. 
Hence the whole heart behaves like a single cell (syncy-
tium). Therefore the whole heart follows all or none law. 
But in skeletal muscle, each muscle fi ber is equivalent to a 
cell. A weak stimulus excites only a few fi bers in a skeletal 
muscle. As the stimulus strength increases, a progressively 
larger number of muscle fi bers respond to the stimulus. 
Therefore although each muscle fi ber follows all or none 
law, a whole skeletal muscle shows graded contraction in 
response to graded stimuli. The difference between car-
diac muscle and skeletal muscle makes perfect sense if you 
refl ect over the functional requirements of the two types of 
muscles (See also Table 3.1.1).

3. In the former experiment, the interval between two consec-
utive stimuli is more than 15 sec, which is long enough for 
the benefi cial effect of the previous stimulus to disappear. In 
the latter experiment, the interval between two consecutive 
stimuli is less than 10 sec. Hence the benefi cial effect of the 
previous stimulus gives rise to the staircase phenomenon. 
For the cause of the benefi cial effect, see the text.
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3.5
The Cardiac Cycle

The activity of the heart follows a cyclic pattern. The atria 
contract fi rst. After a delay, the ventricles contract. The cycle 
repeats itself about seventy times a minute. One contraction 
(systole) and one relaxation (diastole) together form a car-
diac cycle. Several mechanical, physi cal and electrical events 
are associated with the cardiac cycle. Understanding the time 
course of these events is interesting and also useful in manage-
ment of cardio vascular diseases.

 Suppose the heart rate is 75 per min.
 If 75 beats take 1 min.

 1 beat will take 
1
75

 min,

  = 
1
75

 × 60 sec

  = 0.8 sec
 Thus the duration of the cardiac cycle is 0.8 sec. Out of this, 
ventricular systole (generally called just ‘the systole’) lasts 0.3 
sec. and ventricular diastole (generally called just ‘the dias-
tole’) lasts 0.5 sec. When the heart rate increases, the duration 
of cardiac cycle decreases. In such a situation, the reduction in 
duration of diastole is greater than that of systole (Fig. 3.5.1).

SEQUENCE OF EVENTS DURING CARDIAC CYCLE
In this section, the sequence of mechanical events during the 
cardiac cycle will be discussed in some detail. The concomitant 
pressure changes and electrical changes will also be correlated 
with the mechanical events. The only way to understand the 
correlations is to form a mental picture of events as you read 
along. This will need time and concentration. Hence, settle 
down to reading this section when you are not in a hurry, and 
are unlikely to be disturbed for at least an hour. Keep blank 
paper and pencil ready. Draw the time scale on the X axis and 
all the appropriate scales on tie Y axis (as in Fig. 3.5.2). Note 
that the time scale represents 1.0 s, of which the middle 0.8 
s have been taken to represent a cardiac cycle. The fi rst 0.3 s 
represent systole, while the next 0.5 s represent diastole. Draw 
vertical lines to indicate the division. Then start reading, visu-
alizing and drawing as you proceed, lf you do not agree with 
the depiction in the fi gures in the book read again and again till 
you can fi nd what error in your mental image was respon sible 

Fig. 3.5.1: Variation in the relative duration of systole and diastole 
with heart rate. The total height of the bar represents the duration of 
the cardiac cycle, the shaded area is the Q-T interval (approximately 
equal to systole), and the clear area is approximately equal to 
diastole. As seen in the fi gure, while the systole is relatively constant 
at different heart rates, the duration of diastole decreases drastically 
at high heart rates. (Data from Little RC. Physiology of the Heart 
and Circulation. Chicago : Year Book Medical Publishers, Inc. 2nd 
Edition, 1981, p. I31).

for the discrepancy. If you read as suggested, you will discover 
how easy it is to understand the cardiac cycle.
 In the following description, at times only the left heart 
events may be described in detail. But comparable events, dif-
ferent only in quantitative terms, take place simultaneously on 
the right side.
 Let us start with the last bit of diastole. Till this point, the 
blood was fl owing passively from the atria into the ventricles. 
Around the time when no more blood can fl ow passively, an 
impulse, generated at the SA node, spreads to the atria, brings 
about atrial contraction and empties some more atrial blood 
into the ventricles. During this period, A-V valves are open 
(how else can the blood fl ow from the atria into the ventri-
cle!), and semi lunar valves are closed (that is why blood does 
not fl ow back from the aorta into the left ventricle). Spread of 
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impulse to the atria depolarizes the atria, which appears as P 
wave on the electrocardiogram (ECG). Atrial depolarization is 
associated with atrial contrac tion. Atrial contraction lasts about 
0.1 sec, and leads to a small rise in atrial pressure. The rise 
is known as the ‘a’ wave. Since the right atrium is in direct 
communi cation with the superior vena cava and the jugular 
veins, the right atrial ‘a’ wave is also refl ected in the pressure 
recor ded from these veins, and may even be ‘seen’ in the neck 
as a venous pulsation. Visualize the events described so far and 
draw them in your diagram as shown in Figure 3.5.2.
 The next set of events begins with atrial relaxation. In the 
meantime, the cardiac impulse has negotiated the AV node and 
spread to the ventricles. That leads to ventri cular depolariza-
tion, which appears as QRS complex on the ECG. The interval 
between the P wave and QRS complex (P-R interval) therefore 
corresponds roughly to the time when the impulse is passing 
at a low velocity through the A-V node. Ventricular depola-
rization is associated with ventricular contraction. Since the 
atria are relaxed and atrial pressure is low, it takes very little of 
ventricular contraction to raise the ventri cular pressure above 
the atrial pressure. As soon as the ventricular pressure rises 
above the atrial pressure, the atrio ventricular (AV) valves snap 
shut. Closure of AV valves gives rise to the fi rst heart sound. 
Since the semilunar valves are already closed, the ventricles 
are now closed cavities. Contraction of these closed cavities 
against an almost incompressible fl uid like blood leads to a 
steep rise in ventricular pressure. Since this contrac tion is not 
associated with any change in ventricular volume, it is called 
isovolumetric, or simply isometric. During the isometric con-
traction of the left ventricle the pressure rises from about 10 
mm Hg to about 80 mm Hg within just 0.05 sec. Draw a dotted 
vertical line at 0.05 and sketch the events associated with iso-
metric contraction as has been done in Figure 3.5.3. Visualize 
these events before you go further.
 In the right ventricle, the rise is only to about 15 mm Hg, 
and the time taken is also still less, i.e. about 0.01 sec. These 
pressures, i.e. 80 mm Hg and 15 mm Hg, are the pressures 
existing in the aorta and pulmonary artery respectively at this 
point of the cardiac cycle. As soon as the ventricular pressure 
exceeds these levels as a result of isometric contraction, the 
semilunar valves open. Steep rise of ventricular pressure during 
the isometric contraction makes the AV valve rings bulge into 
the atria which gives rise to the ‘c’ wave in the atrial pressure 
curve as well as in the superior vena cava and jugular veins. 
Another factor which may contribute to the `c’ wave is the atria 
getting pulled towards the skeleton of the heart as a result of 
ventricular contraction.
 How do you think would opening of the semilunar valves 
affect the ventricular pressure? You may except it to fall. But 
ventricular contraction is so forceful that the ventricular pres-
sure continues to rise, although at a slower pace.
 Further, since the ventricles are now in communi cation 
with the great arteries, the rise in pressure is communi cated 
to these too. In the right ventricle and pulmonary artery the 
peak systolic pressure is 20-30 mm Hg. In the left ventricle and 
aorta the peak systolic pressure is 120-140 mm Hg. The rise in 
aortic pressure is transmitted to all major peripheral arteries as 

Fig. 3.5.2: Correlation of different events and aspects of the end of 
diastole.

Fig. 3.5.3: Correlation of different events and aspects of the end of 
diastole and the beginning of systole.
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the arterial pulse. The force of ventricular contraction is spent 
only partially in raising aortic or pulmonary artery pressure. 
The other consequence of ventricular pressure is the ejection 
of blood from the ventricles. The fl ow of blood is initially rapid 
(for about 0.1 sec), and then slow (for about 0.15 sec), as seen 
in the ventricular volume curve.
 Finally, ventricular contraction comes to an end. The ven-
tricular muscle starts repolarizing, which gives rise to the T 
wave in the ECG. Ventricular relaxation leads to a fall in ven-
tricular pressure, and very soon it falls to a level below that in 
the aorta or pulmonary artery. Enter these events in your dia-
gram, as has been done in Figure 3.5.4.
 As soon as the ventricular pressure has fallen below that in 
great vessels, the semilunar valves close. Closure of the sem-
ilunar valves gives rise to the second heart sound. Since the 
aortic pressure is higher than the ventricular pressure, blood 
tends to flow back towards the semilunar valves. When it 
strikes against the closed semilunar valves, the pressure wave 
is refl ected back giving rise to the ‘incisura’ or ‘dicrotic notch’ 
in the aortic pressure curve. Comparable events take place also 
on the right side.
 Now that the semilunar valves are closed, and the AV 
valves were already closed, the ventricles are once again closed 
cavities, and hence their volume cannot change. However, the 
ventricles continue to relax. This isometric relaxation results 
in a sharp decline in ventri cular pressure. The isometric relax-
ation lasts only 0.08 sec, but within this period the left ven-
tricular pressure drops from about 100 mm Hg to 20 mm Hg 
while the right ventricular pressure drops from about 15 mm 
Hg to 0 mm Hg. In the meantime, while the ventricles were 
pumping blood the atria were relaxed and getting fi lled with 
blood returning through the veins. Filling of the atria results in 
a slow and steady, although small, rise in atrial pressure which 
is designated the ‘v’ wave. Like the other atrial waves, it may 
also be seen in the neck veins. As soon as the ventricular pres-
sure drops below the atrial pressure, AV valves open. The pres-
sure gradient between atria and ventricles is suffi cient to make 
the blood fl ow from the atria into the ventricles. Initially the 
blood fl ows rapidly, fi lling the ventricles rapidly, and giving 
rise to the faint but recordable third heart sound. The rapid fi ll-
ing phase of the ventricles lasts for 0.1 sec, while the slow fi ll-
ing phase, which follows it, lasts for 0.2 sec. The slow fi lling 
phase is also called diastasis. Finally, a relatively small volume 
of blood is actively pumped by the atria into the ventricles by 
contraction. This fl ow of blood is reasonably rapid, and may 
give rise to the fourth heart sound. Thus we reach where we 
started from and the cardiac cycle starts all over again.
 The various events of cardiac cycle and their durations 
have been summarized in Table 3.5.1.

CARDIAC CATHETERIZATION
Much of the facts given above have been learnt by cardiac 
catheterization. Cardiac catheterization is a highly versatile 
technique of immense value in physiological studies as well as 
management of heart disease. A catheter is typically introduced 
through the medial cubital vein. It is advanced under radio-
logical control till it reaches at least the right atrium. It can be 

Fig. 3.5.4: Correlation of different events and aspects of the 
cardiac cycle.

Table 3.5.1: Events of the cardiac cycle*

Event Duration (sec)

Isometric contraction 0.05**
Rapid ejection phase 0.10
Slow ejection 0.15
Total (ventricular systole) 0.30
Isometric relaxation 0.10
Rapid fi lling phase 0.10
Slow fi lling phase (diastasis) 0.20
Filling due to atrial systole 0.10
Total (ventricular diastole) 0.50
Grand total (systole + diastole) 0.80

*The durations have been tailored to achieve round fi gures of 0.3 sec 
and 0.5 sec for systole and diastole respectively. Normally, there is a 
range of normal values for each phase, the exact value depending at 
least partly on the heart rate.
**In the right ventricle, isometric contraction lasts only 0.015 sec.

further advanced into the right ventricle, and pulmonary artery 
and its branches. When the catheter cannot be advanced any 
further in the pulmonary arterial tree, the catheter is said to be 
fi rmly wedged. The pressure recorded in this position is called 
the ‘wedge pressure’ and was once considered a measure of the 
pulmonary capillary pressure, but now it has been found that 
the wedge pressure is very close to the left atrial pressure.
 For entering the left ventricle, an artery, such as the axillary 
or femoral, may be catheterized. Since the catheter travels in a 
direction opposite that of the blood fl ow, this is also called ret-
rograde catheterization. For entering the left atrium, the most 
commonly used tech nique is transeptal puncture. In this pro-
cedure, the femo ral vein is catheterized, and a long needle is 
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passed through the catheter. When it reaches the right atrium, 
the needle is stabbed through the interatrial septum into the left 
atrium.
 The presence of the catheter tip in any chamber of the heart 
can be made use of to record the pressure in that chamber or 
to draw a sample of blood from it for gas analysis. Deviations 
from normal in chamber pressure or blood oxygen content can 
give valuable clues about cardiac disease, specially congenital 
heart diseases.

HEART SOUNDS
In the above account of the cardiac cycle, four heart sounds 
have been mentioned. As can be judged from their associa-
tion with events in the cardiac cycle, heart sounds are gener-
ated whenever there is a sudden change in the rate of blood 
fl ow. Sudden changes in fl ow create vibrations which can be 
heard. Abnormalities of the heart, particularly those affecting 
the valves, can alter the character of heart sounds, and also 
generate additional sounds. Hence, listening to heart sounds 
has diagnostic value. There was once a time when physicians 
took their ear close to the patient’s chest to hear the sound. 
There is a story (at least partly true)1 that once a physician, 
Rene Laennec (1781-1826), saw two children playing with a 
hollow wooden beam. One of them was listening with his ear 
at one end of the beam while the other was tapping the other 
end with a nail. Suddenly an idea fl ashed through Laennec’s 
mind: why not use a similar device to listen to the heart sounds. 
Laennec put his idea into practice fi rst by rolling a piece of 

paper, calendar-fashion, and placing one end of the ‘pipe’ 
against the patients chest, and applying his ear to the other. 
To his great delight, the idea worked. The sounds could be 
heard even better with a cylinder of wood, perfora ted longi-
tudinally and hollowed out into a funnel-shape at one of its 
extremities. That was the beginning of the stethoscope. The 
modern stethoscope can give considerable amount of infor-
mation about the heart, and the amount increases enormously 
with effort and experience. However, more accurate informa-
tion may be obtained in a graphic form by phono cardio graphy. 
Phonocardiographic records give the exact dura tion and fre-
quency of each sound, which is impossible to obtain with a 
stethoscope.

First Heart Sound
This sound, considered to represent the onset of systole, is pri-
marily due to closure of the AV valves. The other factors which 
may make some contribution to the fi rst heart sound are:
i. the rapid increase in tension during isometric contraction 

acting on full ventricles (comparable to suddenly pressing a 
fl uid-fi lled balloon), and

ii. opening of the semilunar valves and rapid ejection of blood 
from the ventricles.

Second Heart Sound
This sound, considered to represent the onset of diastole, is pri-
marily due to closure of the semilunar valves. The other factors 
which may make some contribution to the second heart sound 
are:
i. refl ection of aortic blood after striking the closed semilunar 

valves, and
ii. opening of AV valves leading to rush of blood in the 

ventricles.
 The salient features of the fi rst two heart sounds have been 
summarized in Table 3.5.2. The beginner should fi rst train his 
ears to identify the normal fi rst and second sounds only. The 
second sound has a shorter duration and higher pitch than the 
fi rst. Further, the interval bet ween the fi rst and second sound 
(systole) is shorter than the interval between the second and 
fi rst sound (diastole).

Third Heart Sound
At the middle of diastole this sound is recorded by phonocardi-
ography, and may be heard occasionally by a stethoscope. The 
cause of this sound is thought to be the rapid but passive fl ow 

Cardiac Catheterization

Cardiac catheterization was fi rst attempted by Dr. Werner 
Forssmann in 1929 when he was a resident in a hospital at 
Eberswalde, near Berlin. He was his own subject. A fellow 
resident, who agreed to pass the catheter, got scared and 
abandoned the effort by the time the catheter reached the 
axilla. Forssmann completed the task himself with a radiog-
rapher holding a mirror in front of the screen. Forssmann 
catheterized his heart safely nine times, till he had no more 
peripheral veins left to try. But this was not enough to con-
vince the medical world about the safety of the procedure. 
After being banished from academics, frustrated Forssmann 
settled for medical practice in a small town.
 It was extensive studies with catheterization by Dr. Andre 
Cournand and Dr. Dickinson Richards Jr. on the second 
world war victims which established the safety and utility 
of cardiac catheterization. Eventually the Nobel Prize for 
Physiology and Medicine was awarded jointly to Forssmann, 
Cournand and Richards in 1956. The history of cardiac cath-
eterization illustrates what reckless idealism of youth can 
achieve (Forssmann was only 25 when he catheterized him-
self), and the long time it might take the world to realize the 
value of even something of great signifi cance.

1 The element of doubt has been introduced deliberately because although this is an interesting version of how the stethoscope was invented, the authen-
ticity of its details is controversial.

Table 3.5.2: Salient features of the heart sounds

 First sound Second sound

Character Lubb Dup
Duration (sec) 0.15 0.12
Frequency (Hz) 25-45 50
Main cause Closure of AV valves Closure of
  semilunar valves
Related event Onset of systole Onset of diastole

3.5.indd   1403.5.indd   140 8/23/2010   12:02:13 PM8/23/2010   12:02:13 PM



C
H

A
PT

ER
 3

.5
: T

h
e C

ard
iac C

ycle

141

of blood from the atria into the ventricles. This sound is of very 
low frequency.

Fourth Heart Sound
This sound can only be recorded by phonocardiography. It can 
never be heard by a stethoscope since its frequency is below 
the audible limit (20 Hz). It is due to atrial sys tole leading to 
rapid fl ow of blood into the ventricles. Thus the causes of third 
and fourth heart sounds are similar.

Specifi c Areas for Heart Sounds
Heart sounds are like a chorus sung by two AV valves and two 
semilunar valves. Hence a defective sound from one valve 
may be masked by the other normal valve. One may hope to 
solve this problem by auscultating near each valve separately. 
But all the four valves are situated very close to one another. 
Fortunately, however, sounds from each valve are propagated 
in different directions. Correspondingly there are specific 
areas on the chest wall over which sound from each of the four 
valves is best heard (Fig. 3.5.5). Tricuspid area is in the fourth 
intercostal space along the left border of the sternum. Mitral 
area is in the left fi fth intercostal space about 1 cm medial to 
the midclavicular line, i.e. over the apex beat. Pulmonary area 
is in the second intercostal space along the left border of the 
sternum. Aortic area is in the second intercostal space along the 
right border of the sternum.

Heart Sounds in Disease States
Since the major heart sounds are mainly due to closure of 
valves, diseases affecting the valves affect heart sounds. Some 
common diseases like rheumatic heart disease affect mainly 
the valves because valves are delicate leaf-like structures made 
with great precision. Any alteration in their dimensions or ori-
entation affects their function adversely. The main function of 
the valves is to allow free fl ow when open, and to stop fl ow 
completely when closed. If a valve fails to allow free fl ow 
because it cannot open fully, the condition is known as steno-
sis. Flow of blood through a narrow stenotic valve produces 
turbulence leading to an abnormal sound during the fl ow. This 
abnormal sound is called a murmur. Alternatively, if a valve 
fails to stop fl ow comp letely because it cannot close properly, 
the condition is known as regurgitation. The abnormal fl ow due 
to regurgitation also produces a murmur. Comm only steno sis 
and regurgitation affect the same valve. This happens because 
stiffness of the valve leafl ets may lead to narrowing, and the 
same stiffness may prevent the valve from closing completely. 
The valves most commonly affected are the mitral and aortic 
valves because these are exposed to much higher pressure fl uc-
tuations than the valves on the right side of the heart.
 Before you read any further, try to predict during which 
phase of the cardiac cycle (systole or diastole) a murmur will 
be heard in
a. mitral stenosis 
b. mitral regurgitation
c. aortic stenosis
d. aortic regurgitation
 If you have understood the cardiac cycle well, you should 
be able to answer this question easily.

 However, to reinforce your faith in your reasoning, it might 
be mentioned that the murmur of mitral stenosis is due to tur-
bulent fl ow through the mitral valve during a phase when the 
fl ow normally takes place. Blood fl ows from the left atrium to 
the left ventricle through the mitral opening during diastole. 
Therefore, the murmur is diastolic. Further, the murmur is 
maximal when the fl ow is maximal, i.e. during the early phase 
of diastole. On the other hand, the murmur of mitral regurgita-
tion is due to blood leaking back from the ventricle into atria 
when normally the closed mitral valve should check any such 
fl ow. This situation occurs during systole when normally left 
ventricular contraction serves to pump the blood only into the 
aorta. But if the mitral valve is incompetent, part of the ven-
tricular contraction is spent on abnormal fl ow from the left 
ventricle into the left atrium. Since this abnormal fl ow con-
tinues throughout systole, the murmur of mitral regurgitation 
occurs throughout systole, i.e. it is pan-systolic.
 Try to reason out in a similar way the murmurs heard in 
aortic stenosis or aortic regurgitation (Fig. 3.5.6).
 The chapter on cardiac cycle is worth repeated
reading and reflection because understanding many vital 
aspects of cardiovascular function in health and disease depend 
on an understanding of the cardiac cycle. A mental image of 
the beating heart should become as much a part of your aware-
ness as that of the person you love the most.

QUESTIONS AND PROBLEMS
1. Complete the following table by indicating the phase of the 

cardiac cycle (systole/diastole) during which the murmur 
will be heard in each case.

  Lesion Timing of murmur

  Mitral stenosis
  Mitral regurgitation
  Aortic stenosis

Fig. 3.5.5: Areas of the chest over which sounds originating from 
different valves of the heart are best heard with a stethoscope. A, 
aortic area; P, pulmonary area; M, mitral area; T, tricuspid area.
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Fig. 3.5.6: Genesis of murmurs in cardiac valvular defects. 1. Normal atrioventricular (AV) valve during diastole. 2. Stenosis of an AV valve 
produces a diastolic murmur. 3. Normal AV valve during systole. 4. Incompetence of an AV valve produces a systolic murmur. 5. Normal 
semilunar valve during diastole. 6. Incompetence of semilunar valve produces a diastolic murmur. 7. Normal semilunar valve during systole. 
8. Stenosis of a semilunar valve produces a systolic murmur. Diastole and systole refer to ventricular musculature.

  Aortic regurgitation
  Tricuspid stenosis
  Tricuspid regurgitation
  Pulmonary stenosis
  Pulmonary regurgitation

2. What is the difference between the origin of a heart sound 
and a murmur ?

3. Atrial contraction
 a. is indispensable for ventricular fi lling
 b. accounts for about two-thirds of ventricular fi lling
 c. accounts for about one-third of ventricular fi lling
 d. is associated with the ‘a’ wave of the jugular venous 

pulse
 e. is associated with the fourth heart sound.
4. During isometric contraction of the ventricle, there is no 

change in ventricular
 a. volume
 b. shape

 c. pressure
 d. content of blood

ANSWERS AND SOLUTIONS
1. Diastolic, systolic, systolic, diastolic, diastolic, systolic, 

systolic. and diastolic respectively (Fig. 3.5.6)
2. According to Robert Rushmer, a heart sound is due to a 

rapid change in the rate of blood fl ow. On the other hand, 
murmur is due to turbulent blood fl ow.

3. a. False
 b. False
 c. True
 d. True
 e. True
4. a. True
 b. False
 c. False
 d. True
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3.6
Principles of 

Electrocardiography

Heart is an organ having 300 to 400 g of muscle tissue. The 
activity of muscle tissue is associated with gene ration of elec-
trical potentials, known as action potentials. Thus the heart 
may be considered a small generator. This generator is situated 
in the body, which is a good volume conductor. Thus it is pos-
sible to record the electrical acti vity of the heart from the sur-
face of the body even at consi derable distance from the heart. 
The activity may be recorded graphically, as in an electro-
cardiogram (ECG or EKG). The electrical activity of heart 
shows changes if there is a change in ionic environment of the 
heart, a conduc tion defect in the heart, or damage to muscle 
fi bers of the heart due to, say, decreased blood supply. It may 
also be affected by changes in haemodynamics. Hence electro-
cardiography is an important diagnostic and prognostic tool for 
assessment of cardiovascular func tion. However, it is an indi-
rect tool, and shows many physiological variations. Therefore 
it is not infallible. It has to be combined with clinical judge-
ment and other laboratory investigations for greater reliability.1

RECORDING AN ELECTROCARDIOGRAM
Einthoven, in 1903, was the first to record the electro-
cardiogram in man from the surface of the body by a string 
galvanometer. He considered the whole body to be a uniform 
volume conductor with the heart in the centre. Einthoven’s tri-
angle considers the right arm, left arm and pubis (towards left 
leg) to form an equilateral triangle with heart in the centre as 
a moving dipole (Fig. 3.6.1). ECG measures the potential dif-
ference between two points on the body. Depending on the two 
points chosen, three systems of leads are in common use.

1. Bipolar (Standard) Limb Leads
Lead I: between right arm (negative electrode) and left arm 
(positive electrode).
Lead II: between right arm (negative electrode) and left leg 
(positive electrode).
Lead III: between left arm (negative electrode) and left leg 
(positive electrode).
 The electrode positions have been shown in the Einthoven’s 
triangle (Fig. 3.6.2). The direction in which the positive 

1 It is suggested that during the fi rst reading the student should quickly scan the section on recording an electrocardiogram. A mere familiarity with this 
section is suffi cient for going to the next section on confi guration of the electrocardiogram

Fig. 3.6.1: The Einthoven’s triangle. RA, right arm; LA, left arm; LL, 
left leg; I, II, III: limb leads. The insert in the triangle represents the 
heart and its electrical axis.

electrode points is called the axis of the lead, and may be rep-
resented as in Figure 3.6.3. The rationale for choosing the posi-
tions of the positive and negative elec trodes will become clear 
later, but at this point it may be mentioned that if the direction 
of the lead axis is simi lar to the direction of the fl ow of cur-
rent in the heart, the recorded defl ection is positive (upwards). 
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Hence, the electrodes are arranged in such a way that most of 
the defl ec tions in the ECG are positive.

2. Unipolar Limb Leads
Unipolar limb leads and chest leads (see below) employ an 
active electrode and an indifferent (reference) electrode. The 
indifferent electrode is connected to some part of the body 
through a very high resistance (5000 ohms). Because of the 
high resistance, the indifferent electrode stays at an almost con-
stant voltage. Since the lead measures the potential difference 
between two electrodes, one of which is at constant voltage, 
it essentially measures the potential at the other (active) elec-
trode. There are three unipolar limb leads.
 VR : between right arm and an indifferent electrode.
 VL : between left arm and an indifferent electrode.
 VF : between left leg and an indifferent electrode.
 Unipolar limb leads are not much used in practice because 
augmented limb leads provide a magnifi ed version of the same 
information.

3. Augmented Limb Leads
These leads use the same limbs as the unipolar limb leads. The 
positive electrode is connected to one limb, and the negative 
electrode to the other two through high resistances. This results 
in an increase in the voltages recorded in the ECG as explained 

later. That is why these leads are called augmented limb leads. 
There are three augmented limb leads.
 aVR : between right arm (positive electrode) and left 

arm + left leg (negative electrode).
 aVL : between left arm (positive electrode) and right 

arm + left leg (negative electrode).
 aVF : between left leg (positive electrode) and right arm 

+ left arm (negative electrode).
 Suppose potential at left arm = VL,
  at right arm = VR, and
  at left leg = VF

   Then aVL = VL – 
(VR + VF)

2

   or 2 aVL = 2 VL – (VR + VF) ...(i)
 In the Einthoven’s triangle, if an electrode is connected to 
the three limbs through high resistances,
  VL + VR + VF = 0
  or VL = – (VR + VF)
 Substituting the value of – (VR + VF) in equation (i),
  2 aVL = 2 VL + VL
  or aVL = 3/2 VL
 Thus the potential recorded in aVL is one and a half times 
that recorded in VL. That is why these leads are called aug-
mented limb leads.

4. Unipolar Chest Leads
These leads employ an exploring electrode on the chest and 
a reference electrode. The reference electrode (negative elec-
trode) is connected to the right arm, left arm and left leg 
through high resistances.2 The position of the chest electrode 
(the positive electrode) in different leads is as follows:
V1 : in the right fourth intercostal space at the right border 

of sternum.
V2 : in the left fourth intercostal space at the left border of 

sternum.
V3 : at the midpoint between V2 and V4.
V4 : in the left fi fth intercostal space in the mid clavicular 

line.
V5 : in the left fi fth intercostal space at the anterior axillary 

line.
V6 : in the left fi fth intercostal space at the mid axillary line.
V7 : in the left fi fth intercostal space at the posterior axillary 

line.
 In all these leads, the right leg is connected to the ground to 
avoid electrical interference.
 The standard thirteen-lead ECG consists of the three bipo-
lar limb leads, the three augmented limb leads, and the seven 
chest leads.

Recording Apparatus
Flat metallic electrodes are fastened by straps to the appropri-
ate limb. In case of forearms, the electrodes are fastened above 
the wrists, and in case of legs, above the ankles. An electrolyte 
jelly is applied between the electrodes and skin to decrease the 

Fig. 3.6.2: The positions of positive and negative electrodes in bipolar 
limb leads. The positive electrode is so placed that the lead axis 
points in the same general direction as the electrical axis of the heart.

Fig. 3.6.3: The lead axes of bipolar limb leads I, II and III.

2 The electrode connected to right arm, left arm and left leg through high resistances is also called the central terminal of Wilson, and is considered to be 
at zero potential.

3.6.indd   1443.6.indd   144 8/23/2010   12:02:28 PM8/23/2010   12:02:28 PM



C
H

A
PT

ER
 3

.6
: Prin

cip
les o

f Electro
card

io
g
rap

h
y

145

skin resistance. If the jelly is not available, normal saline may 
be used instead, which however has the disadvantage of drying 
up fast. For the chest, we have small inverted cup-like elec-
trodes, which can be fi xed fi rmly over any point on the chest. 
The electrodes are connected by wires to the jack box, from 
where they are connected to the ECG ampli fi er and recorder. 
The ECG record looks as shown in Figure 3.6.4.

CONFIGURATION OF THE ELECTROCARDIOGRAM
As seen earlier, the ECG can be recorded because activity of the 
heart is associated with orderly electrical changes. The exact 
waveform of the ECG is the result of an interaction between 
the electrical changes and the arrangement of electrodes in the 
recording leads. In order to understand this interaction, it is 
fi rst important to learn the genesis of ECG in some more detail.
 Let us imagine a globular mass of muscle tissue with a wave 
of excitation travelling from one end to the other (Fig. 3.6.5). 
At rest, the surface of the mass has a positive electrical poten-
tial as compared to the inside of the mus cle cells. But since the 
whole mass is at the same potential, no current fl ows from one Fig. 3.6.4: Confi guration of the normal electrocardiogram.

Fig. 3.6.5: Diagrammatic representation of depolarization and repolarization of a globular mass of cardiac muscle, and the resulting fl ow of 
current. I, polarized muscle at rest. 2, a small part of the muscle depolarized, associated with fl ow of a weak current. 3, approximately half 
the muscle mass is depolarized, leading to fl ow of a strong current. 4, almost the entire muscle is depolarized, leading to fl ow of a weak 
current. 5, the entire muscle is depolarized. 6, a small part of the muscle is repolarized, leading to fl ow of a weak current. 7, approximately 
half the muscle mass is repolarized, leading to fl ow of a strong current. 8, almost the entire muscle is repolarized, leading to fl ow of a weak 
current. 9, the entire muscle is repolarized. Note that no current fl ows when the whole muscle is polarized (1,9) or depolarized (5). Maximum 
fl ow of current takes place when about half the muscle mass is polarized and half depolarized (3,7). Arrows represent the magnitude and 
direction of fl ow of current.

part to the other. But during excitation and recovery, there is 
fl ow of current, and as seen in the diagrams, maximum fl ow 
of current takes place during periods when approximately half 
the mus cle mass is polarized, and half depolarized. The entire 
current fl ow can be represented by a resultant vector, which has 
both magnitude and direction. The resultant interacts with the 
recording system to determine the magnitude and direction of 
the recorded defl ection.
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 With this background, let us examine the type of defl ection 
that might be obtained in the EKG limb leads for a given mean 
QRS vector (Fig. 3.6.6). To fi nd the defl ection, draw the QRS 
vector in relation to the axes of the leads. Draw perpendiculars 
from the tip of the QRS vector to the axes of the leads. The 
point where the perpendicular meets a given lead axis is the 
apex of the projected vector on that lead. If the projected vector 
lies on the positive side of the lead axis, the defl ection in the 
lead is positive. The magnitude of the defl ection is proportional 
to the length of the projected vector.
 Now let us combine this knowledge with what we have 
already learnt about the journey of the cardiac impulse through 
the heart to construct the confi guration of the ECG in limb 
leads (Fig. 3.6.7). The same technique can be used for con-
structing the ECG in any other lead.
 The genesis and duration of different components of the 
ECG have been summarized in Table 3.6.1.

ELECTRICAL AXIS OF THE HEART
As the cardiac impulse travels through the heart, the magnitude 
and direction of the current fl ow change. But as seen above, 
the strongest current fl ows during ventricular depolarization 
at the instant when approxi mately half the ventricular mass is 
depolarized, and half still polarized. This point corresponds 

Fig. 3.6.6: Graphic determination of the type of defl ection obtained 
in leads I, II and III. The arrow represents the mean QRS vector. The 
dotted lines are the perpendiculars drawn on the lead axes. As may 
be seen positive defl ections would be obtained in all the three leads. 
The smallest defl ection would be observed in lead III.

Fig. 3.6.7: Construction of the confi guration of the QRS complex in limb leads. A-E, successive stages in the depolarization of ventricles. 
(Reprinted, with permission, from Guyton AC. Textbook of Medical Physiology. Philadelphia: WB Saunders, 8th edition, 1991, Fig. 12.7, p. 
127. Courtesy : WB Saunders Co.)

to the peak of the R wave of the ECG. The average direction 
of the fl ow of current at this point is called the electrical axis 
of the heart. The electrical axis of the heart can be determined 
from ECG by reversing the steps by which the confi  guration of 
ECG was determined above. For this purpose, ECG recorded 
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Table 3.6.1: Genesis and duration of components 
of the electrocardiogram

Component Genesis Duration (sec) Remarks 

P wave Atrial depolari- 0.08-0.12
 zation
QRS complex Ventricular 0.08-0.10
 depolarization
T wave Ventricular 0.12-0.16
 repolarization
P-R interval Atrial depolari- 0.10-0.20 From origin of
 zation, conduc-  P wave to the
 tion through   beginning of
 the A-V node  QRS complex
Q-T interval Ventricular 0.40-0.43 From origin
 depolarization  of Q wave to
 and ventricular  end of T wave
 repolarization
S-T interval Ventricular 0.25-0.32 QT interval
 repolarization  minus QRS
   complex

of the two perpendiculars represents the apex of the actual 
QRS vector.

4. Join the apex of the actual QRS vector to the point of inter-
section of the two lead axes. This line represents the actual 
QRS vector and is called the electri cal axis of the heart.

 Normal electrical axis of the heart lies between –30° and 
+110°. If the axis is more negative than –30° it is called left 
axis devi ation, whereas if the axis is more positive than +110°, 
it is called right axis deviation (Figs 3.6.9 A and B).
 Marked axis deviation can be assessed by just having a 
look at ECGs from Leads I and III. Place the ECG from Lead I 
above that from Lead III. If the QRS complexes from the two 
ECGs seem to ‘shake hands’, it is a case of right axis devia-
tion. On the other hand, if the two sets of QRS complexes seem 
to ‘shun each other’, the ECG is from a heart with a left axis 
deviation.

Fig. 3.6.8: Plotting the electrical axis of the heart. The net defl ection 
in the leads may be plotted as such on the corresponding lead axes 
as in this diagram. Alternatively, if it is more convenient the plotted 
length may be a multiple of the length in the actual EKG. For example, 
if the net height of the QRS complex in leads I and III is 14 and 10 mm 
respectively, the plotted lengths can be 42 and 30 mm respectively. 
The electrical axis of the heart in the example illustrated here is +55°.

from at least two different leads is required. Ordinarily, ECG 
records from leads I and III are the best suited for calculation 
of electrical axis of the heart. Having obtained the necessary 
ECG records, electrical axis may be determined by the follow-
ing steps (Fig. 3.6.8).
1. Measure the net QRS defl ection in the two leads. For this 

purpose, subtract the negative defl ection, if any, from the 
positive defl ection.

2. Plot the net defl ection on the axes of the two leads. The 
plots give the projected vectors of the actual QRS vector.

3. For each lead, draw a perpendicular to the lead axis from 
the apex of the projected vector. The point of intersection 

Fig. 3.6.9B: Deviation of the electrical axis of the heart. Right axis 
deviation. The axis in the example illustrated here is +140°. Observe 
that when the ECG of lead I is placed above that of lead III, the two 
QRS complexes seem to ‘shake hands’.

Fig. 3.6.9A: Deviation of the electrical axis of the heart. Left axis 
deviation. The axis in the example illustrated here is – 45°. Observe 
that when the ECG of lead I is placed above that of lead III, the two 
QRS complexes seem to ‘shun each other.’
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VECTORCARDIOGRAPHY

The observed confi guration of the ECG is due to the rapidly 
changing resultant vector of current fl ow in the heart during 
the cardiac cycle. Vectorcardiography is a method for directly 
observing the changes in the magnitude and direction of the 
vector. During activation of a region of the heart, say ventri-
cles, initially only a small part is depolarized, resulting in a 
small fl ow of current. As the depolarized area increases, the 
current fl ow increases. The resultant vector of current fl ow 
is strongest when about half the ventricular mass is depola-
rized, and half polarized. As depolarization extends further, the 
vector becomes weaker till fi nally current fl ow ceases when 
the whole ventricle is depolarized. A similar cycle is repeated 
during repolarization. Not only the magnitude of the result-
ant vector changes during the cardiac cycle, its direction also 
changes. If we join the apices of the vectors we get elliptical 
fi gures (Fig. 3.6.10). Such elliptical fi gures, called vector-
cardio grams, can be recorded on the screen of an oscilloscope 
by connecting its plates appropriately to two sets of electrodes. 
One pair of electrodes is placed above and below the heart. 
The other pair is placed on the left and right side of the heart. 
Then the spot of light on the oscilloscope screen inscribes the 
vector cardiograms.
 We have so far discussed the basis of ECG, recording of 
ECG, and the characteristics of the records. If the basis has 
been clearly understood, the student may move to the subse-
quent sections. The sections on recording and characteristics 
have a lot of information which may be used as reference mate-
rial but need not be mastered by taxing the memory. Much of 
this material can be grasped quite painlessly through frequent 
use.

Interpreting an Electrocardiogram
In order to judge whether an electrocardiogram (ECG) is 
normal, its features in all the thirteen leads should be examined 
systematically. Special attention should be paid to the follow-
ing features:
1. Cardiac rate and rhythm.
2. Whether each cycle has the complete sequence of P wave 

followed by QRS complex and then T wave.

3. Voltage, duration and polarity of each wave.
4. Duration of P-R interval, Q-T interval and ST seg ment.
5. Level of TP or ST segment in relation to the baseline.
6. Electrical axis of the heart.
7. Presence of any abnormal wave.
 The importance of observing the above features will 
become clear after studying the ECG manifestations of cardiac 
abnormalities. The major categories of common abnormalities, 
in the diagnosis of which the ECG is most helpful, are:
1. Abnormalities of rhythm.
2. Conduction defects.
3. Myocardial ischaemia and infarction.
4. Ventricular hypertrophy.

ABNORMALITIES OF RHYTHM
There may be merely an abnormality in the rate of impulses 
generated at the SA node, or an abnormal focus of discharge in 
the atria or ventricles.

Sinus Bradycardia
If the SA node discharge rate is slow, the heart rate is slow. 
ECG is normal in every respect except that the heart rate at 
rest is below 60 per min. This is known as sinus bradycardia. 
It may be normally seen in athletes, or abnormally in patients 
having increased intracranial pressure, or hypothyroidism.

Sinus Tachycardia
When the only abnormality is that the heart rate at rest is more 
than 90 per min, the condition is known as sinus tachy cardia. It 
may be normally seen in emotional stress or exercise, or abnor-
mally in fever, hyperthyroidism or anemia.

Sinus Arrhythmia
In some adults, and most children, there is an increase 
in heart rate during inspiration and a decrease during 
expiration (Fig. 3.6.11). It is most evident during volun tary 
deep breathing or breath-holding, and is abolished during 
exercise.

Mechanism of Sinus Arrhythmia
During inspiration, the intrathoracic pressure is negative. This 
creates a suction force resulting in greater fl ow of blood into 
the atria from the veins. Greater fi lling of right atrium results 
in higher heart rate, possibly by stretching the SA node. This 
effect is known as Bainbridge effect. The opposite sequence 
of events produces a decrease in heart rate during expiration. 
Some undefi ned infl uence of the respiratory centres on the 
vasomotor area may also contribute to sinus arrhythmia. The 
subject will be discussed in greater detail in Chapter 3.10.

Atrial Extrasystole
An abnormal focus of impulse generation in atria may 
discharge sporadically giving atrial extrasystoles and 
corresponding P waves in the ECG. The abnormal P waves 
may be inverted because the direction of spread of abnormal 
impulses may be different from the normal direction of spread 
(Fig. 3.6.12).Fig. 3.6.10: A normal vectorcardiogram.
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Atrial Tachycardia
This is similar to atrial extrasystoles except that the abnormal 
focus generates impulses at a regular rate. Not all the atrial 
impulses can cross through the AV node since the AV node has 
a long refractory period. Hence only one out of two or three P 
waves may be followed by a QRS complex (Fig. 3.6.13). The 
condition may thus resemble second degree heart block (see 
below).

Atrial Flutter
If the abnormal focus of impulse generation discharges at a rate 
of 200 to 300 per min, the condition is known as atrial fl ut-
ter. The resulting ECG abnormality (Fig. 3.6.14) can be under-
stood easily in light of the above discussion.

Atrial Fibrillation
If the abnormal focus of impulse generation discharges at a 
rate exceeding 300 per min, no organized and effective atrial 

contraction is possible. All what happens is that some ripples 
traverse the surface of the atria. Such a condition is known as 
atrial fi brillation. Hence no recognizable P wave is seen in the 
ECG. Since only some of the atrial impulses are able to reach 
the ventricles, ventricular rate is irregular and hence the QRS 
comp lexes are also irregular (Fig. 3.6.15). The overall ven-
tricular rate in atrial fi brillation is 125 to 150 per min.

Ventricular Extrasystole
If an abnormal focus of impulse generation in the ventri cles 
discharges sporadically, it gives rise to ventri cular extrasys-
tole. An occasional extrasystole may be seen even normally. 
An extrasystole is often followed by a compensatory pause, 
the mechanism of which has been discussed in Chapter 3.4. In 
the ECG, an extra systole manifests as a QRS complex which 
is not pre ceded by a P wave. The T wave following the abnor-
mal QRS complex is a negative defl ection because in case of 
extrasystole, the direction of repolarization is the same as that 
of depolarization (Fig. 3.6.16).

Ventricular Fibrillation
As in case of atrial fibrillation, ventricular fibrillation is 
due to extremely high frequency discharge of an abnor mal 
(ectopic) focus of impulse generation in the ventri cles. The 
result is ineffective, disorganized contractions of the ventricles 
(Fig. 3.6.17). Ventricular fi brillation is a serious condition, and 
unless corrected promptly, results in death within a few min-
utes. Ventricular fi brillation may be seen:
1. when a person is electrocuted by 60 Hz electric current, 

which is the common domestic electric supply in USA: in 
India we have 50 Hz current supply which is less likely to 
cause ventricular fi brillation,

2. if ischaemia of ventricular muscle leads to ectopic foci in 
the ventricle, which may cause reverberating impulses, or

3. as a consequence of myocardial infarction.

Treatment of Ventricular Fibrillation
Ventricular fibrillation may be stopped by applying a 
defibrillator to the heart. The defibrillator supplies a
110 V, 60 cycle alternating current (AC) for 100 seconds, or 
1000 V direct current (DC) for a few milliseconds to both sides 
of the heart. The action of the defi brillator is based on the prin-
ciple that a high voltage current throws the entire ventricular 
musculature into contraction simul taneously. Thus the irritant, 

Fig. 3.6.11: Sinus arrhythmia. The ECG shows a distinct increase in heart rate during inspiration and a decrease during expiration.

Fig. 3.6.12: Atrial extrasystole. Note that the T wave of the third heart beat is disturbed by a premature P wave (PP), which corresponds 
to an atrial extrasystole. PP is followed by a normal QRS complex and T wave, indicating that the extrasystole is conducted normally to 
the ventricles.

Fig. 3.6.13: Atrial tachycardia. The ventricles are following the rapid 
atrial rhythm (about 190 per min) regularly.

Fig. 3.6.14: Atrial fl utter. The atrial rate is about 300 per min but the 
ventricles are responding to only one out of every four atrial impulses.

Fig. 3.6.15: Atrial fi brillation. The high frequency disorganized atrial 
activity is indicated by the irregular low amplitude waves (arrows). P 
waves are absent. The ventricular rhythm is irregular.
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Fig. 3.6.16: Ventricular extrasystole.
A. Regular P waves, P1 through P5, indicating a normal sinus rhythm. 
B. NV1 through NV5, normal ventricular impulses corresponding to 
P1 through P5. PV premature ventricular discharge from an abnormal 
focus located in the ventricle. C. The resulting ECG. There is a nor-
mal ECG corresponding to beats 1, 3, 4 and 5. There is an abnormal 
QRS complex, labelled extrasystole (ES), corresponding to PV. The 
heart beat corresponding to NV2 is missed because the ventricles 
are refractory following the ES. Hence there is a compensatory 
pause (CP).
 Note that the QRS complex corresponding to the ventricular 
extrasystole is abnormal. In contrast, the QRS complex corresponding 
to an atrial extrasystole is normal (Fig. 3.6.12). This is an important 
distinguishing feature.
 All ventricular extrasystoles do not show the pattern illustrated 
here. The extrasystoles may be neatly interposed between normal 
beats so that there is no compensatory use. Or, there may be 
regular extrasystoles alternating with normal beats so that the 
compensatory pause is not obvious (ventricular bigeminy) In all these 
cases, however, the QRS complexes corresponding to ventricular 
extrasystoles are different from the normal QRS complexes because 
the focus of discharge of a ventricular extrasystole is different from 
that of a normally conducted ventricular impulse.

Fig. 3.6.17: Ventricular fi brillation. The electrical activity is completely disorganized. Unless the patient is successfully defi brillated, the ECG 
fi nally terminates with complete electrical silence, i.e. a straight line.

ectopic foci remain refractory for some time following the 
electrical stimulus. Now SA node gets a chance to propagate its 
impulse to the ventricles and a regular rhythm may be restored. 
However, if the conduction system in the heart is dama ged, the 
defi brillator cannot help the patient.

CONDUCTION DEFECTS
If there is a decrease in the effi ciency with which the AV node 
conducts impulses, there is an increase in AV delay. Depen ding 
upon the severity of the defect, the patient is said to have dif-
ferent degrees of heart block.

First Degree Heart Block
There is only a prolongation of the P-R interval (Fig. 3.6.18) 
beyond 0.20 sec (normal 0.12 to 0.18 sec). It may be due to 
ischemia of AV nodal tissue or due to hypo kalemia.

Second Degree Heart Block
When only some of the atrial impulses are able to cross the AV 
node, the condition is called second degree heart block. If only 

Fig. 3.6.18: First degree AV block. In the example shown here the 
PR interval is prolonged to about 0.3 s.

Fig. 3.6.19: Second degree AV block of the Wenckebach type. 
The atrial activity is fairly regular and normal as seen from the 
P waves, P1 through P7. Observe that the interval between any 
two contiguous P waves is nearly the same. However, there is a 
progressive prolongation of the PR interval from PR1, through PR3 
indicating a developing block in AV conduction. Finally, the atrial wave 
corresponding to P4 fails to get conducted across the AV node; hence 
there is no QRS complex following P4. The progressive prolongation 
of the PR interval is repeated from PR5 through PR7.

one out of every two or three impulses is able to do so it is said 
to be a 2:1 or 3:1 heart block res pecti  vely (Fig. 3.6.19). Second 
degree heart block may be seen in atrial fl utter, as discussed 
earlier. When the atrial rate is normal but AV nodal delay is so 
much that only some of the atrial depolarization waves reach 
the ventri cles, the condition is called Wenckebach pheno menon.

Third Degree or Complete Heart Block
When AV node fails to conduct any atrial impulse to the ven-
tricles, the condition is called third degree or complete heart 
block. Then the ventricles start beating at their own rhythm, 
called the idioventricular rhythm, which is only 20 to 40 beats 
per min. Therefore, the ECG shows complete desynchroniza-
tion of P and QRST waves. P waves are more numerous than 
QRST waves. There fore a P wave may be seen before, during 
or after a QRST wave. Sometimes P cannot be seen, as it gets 
masked by strong QRS complexes. Mutual interaction of P 
and QRS may produce many bizarre wave forms (Fig. 3.6.20). 
However, if this condition occurs suddenly, before the idi-
oventricular rhythm gets established, heart may stop for a few 
seconds leading to dizziness or fainting. When the heart stops 
longer, the condition is known as Stokes-Adams syndrome. 
Immediate cardiac massage may stimulate idioventricular 
rhythm and save the patient. Complete heart block may be due 
to ischae mia or infarction of AV nodal region.

Bundle Branch Block
When there is a block in one of the branches of the bundle of 
His, the cardiac impulse cannot be propagated to the affected 
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side normally. But ventricular musculature, being a functional 
syncytium, can conduct the impulse even to the affected side. 
However, the longer and abnor mal route taken by the impulse 
delays the depolarization of the ventricle on the side of the block. 
Hence the duration of the QRS complex becomes more than 
0.12 sec. Whether the block is that of right or left bundle branch 
may be determined by examination of standard limb leads,
chest leads V1 and V2 (right ventri cular activity) .and V5 and 
V6 (left ventricular activity). R wave may show dupli cation 
due to asynchronous ventricular depolarization. ST segment 
and T wave also show changes as the repolarization process 
is also affected. Ischaemia and infarction also are commonly 
associated with bundle branch block.

Right Bundle Branch Block
Late slurring of R wave with QRS complex duration more than 
0.12 second in V1 and aVR, and a late slurred S wave in V5, V6 
and aVL indicate right bundle branch block (RBBB). RBBB 
may be due to myocardial ischemia or infarction of interven-
tricular septum involving right branch of the bundle of His 
(Fig. 3.6.21).

Left Bundle Branch Block
QRS complex duration in leads I, V5 and V5 more than 0.12 sec 
and slurred broad notched R wave in leads V5 and V6, indicate 
left bundle branch block (LBBB). LBBB may be due to myo-
cardial ischemia or infarction in the septal region involving left 
branch of the bundle of His (Fig. 3.6.22).

MYOCARDIAL ISCHEMIA AND INFARCTION

When coronary blood fl ow decreases due to athero sclerosis or 
any other reason, it leads to myocardial ischaemia. If myocar-
dial ischemia is very severe, or a coronary artery is blocked 
due to thrombosis, embolism or spasm, it causes death of the 
myocardium supplied by the blocked artery. This condition 
is known as myocardial infarction, and is a serious condition 
which may lead to death.
 Maintenance of normal resting membrane potential needs 
metabolic activity, and hence normal blood supply. Therefore, 
reduction in blood supply, even if not so severe as to lead to 
death of the tissue can abolish the resting memb rane poten-
tial. That is why, in myocardial ischae mia the ischaemic zone 
may be alive but electronegative as compared to the healthy 
myocardium. In myocardial infarc tion, the blood supply is so 
severely curtailed that the affected muscle is dead, and there-
fore electronegative as compared to the healthy myocardium. 
Thus in both myocardial ischemia and infarction, the injured 
region is electronegative as compared to the healthy region. 
Hence there is a fl ow of current from the injured to the healthy 
region. This is called the current of injury. The confi gu ration of 
the ECG is altered because of an interac tion between the cur-
rent of injury and the current fl ow generated by the propagation 
of the cardiac impulse. As an example, the interaction and its 
impact on the ECG in case of an infarct in the left ventricle has 
been shown in Fig. 3.6.23.
 Observe that the J point is obtained in all the leads simulta-
neously. Although the ECG touches the isoelectric line in lead 
I in B as well, that is because the electrical axis of the heart at 
that point is perpendicular to the axis of lead I.
 It will be observed that fi rst, the current of injury is abol-
ished when the whole of both ventricles are depolarized 
because then the injured zone becomes electrically similar to 
the healthy zone. Second, during the T-P interval, the current of 
injury is unadulterated because there is no interacting current 
generated by the cardiac impulse. Both these facts are of cru-
cial importance in analysis of an ECG for diagnosis of ischae-
mia or infraction.
 In order to analyze an ECG for diagnosis of ischemia or 
infarction, fi rst determine the point where the QRS complex 
just ends (Fig. 3.6.24). That is the point when both the ventri-
cles are depolarized, and there is no current fl ow. Through this 
point, also called the J point, draw a horizontal line. This is the 
true isoelectric line, and indicates the level on the ECG when 
there is no current fl ow. Now observe the level of the TP seg-
ment in relation to the isoelectric line.3 Its direction (positive or 

Fig. 3.6.20: Third degree, or complete AV block. The atrial follow the 
rapid sinus rhythm as indicated by the P waves. The ventricles follow 
their own slow rhythm as indicated by the R waves. Complete AV block 
is indicated by a total lack of coordination between P and R waves. 
EKG represents tile interaction of P waves and QRS complexes. If 
some P waves occur very close to a QRS complex, an abnormal EKG 
pattern is generated. One such abnormal pattern has been analyzed 
into its components.

Fig. 3.6.21: Right bundle branch block. Delayed conduction to the 
right ventricle leads to increase in the duration of the QRS complex 
and inversion of T wave in lead V1.

Fig. 3.6.22: Left bundle branch block. Delayed conduction to the left 
ventricle leads to increase in the duration of the QRS complex and 
ST depression in lead I.

3 ECG specialists generally talk of shifts in ST segment rather than the TP segment. The approach outlined here is based on the mechanism underlying 
ECG changes. On the other hand the ECG specialists’ approach is empirical, and is designed for maximum speed in ‘reading an ECG’.
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Fig. 3.6.23: Current of injury and its impact on the ECG. A, only the current of injury is seen. It gives a negative defl ection in lead I and a 
positive defl ection in lead III. B, nearly half the ventricular mass is polarized, and nearly half depolarized. C, The entire ventricular mass is 
depolarized. Hence there is no fl ow of current. The ECG touches the isoelectric line in lead I as well as lead III (and in any other lead which 
may be recorded). D, the ventricles are repolarized. The fl ow of current is only due to the injury.

negative), and magnitude should be noted in at least two leads. 
Use this information to plot the current of injury in the same 
way as the electrical axis of the heart. Since the direction in 
which the current of injury points is from the negative to posi-
tive region of the heart, it corres ponds to an arrow drawn from 
the injured towards the healthy region of the heart. That is how 
the current of injury can tell us whether the infarct is on the 
left side, right side, or the apex (Fig. 3.6.25.). This knowledge 
needs to be coupled with information from a chest lead, such as 
V2. If in such a lead, the current of injury is posi tive, it means 
that the current of injury is fl owing from the back towards the 
front of the heart. Hence the infarct is likely to be in the pos-
terior wall. By the same token, a negative current in V2 will 
indicate an anterior wall infarct (Fig. 3.6.26.).
 Changes in ECG due to current of injury may dis appear 
with time. But due to reasons which are not entirely clear,4 
the Q wave may become prominent, and QRS voltage may be 
diminished and its duration pro longed in the ECG of patients 
with an old healed myocardial infarct.

VENTRICULAR HYPERTROPHY
Prolonged hard work by any muscle, including cardiac muscle, 
leads to adaptive hypertrophy. Ventricular hypertrophy is an 
adaptation to overload, which may be a volume or pressure 

overload. For example, the right ventricle may be overloaded 
by increased resistance in pulmonary vasculature or by a left to 
right shunt. On the other hand, the left ventricle may be over-
loaded in a hypertensive patient. The ECG changes in ventricu-
lar hypertrophy are due to the following factors:
i. Increased size of a ventricle means an increase in the mag-

nitude of currents generated during the spread of cardiac 
impulse.

ii. Increased size of a ventricle means an increase in the time 
taken by the cardiac impulse to spread through the hypertro-
phied ventricle. Hence there may be a prolongation of the 
QRS complex. But it is never as marked as in bundle branch 
block.

 Since the hypertrophied ventricle remains electro  positive 
longer during depolarization, the stronger electric current 
fl ow referred to above is from the normal to the hypertro-
phied ventricle (Fig. 3.6.27). This creates an axis deviation 
towards the hyper trophied ventricle and a large positive 
defl ec tion during depolarization in leads having their posi-
tive electrode nearest the hypertrophied ventricle. Thus in 
left ventricular hypertrophy, there is left axis deviation and 
a large R wave in V5 and V6. On the other hand, a large neg-
ative defl ection during depolarization is seen in leads hav-
ing their positive electrode farthest away from the hyper-
trophied ventricle.

4 The reasons are in terms of formation of scar tissue and destruction of conduction tissue. Scar is also electronegative as compared to healthy 
myocardium.
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Fig. 3.6.24: More realistic sketches of how ECGs might look in a 
case of myocardial injury similar to that shown in Fig. 3.6.23. From 
the ECGs the axis of the current of injury may be drawn by a process 
essentially opposite to that employed in Fig. 3.6.23. Draw horizontal 
lines through the J point to determine the magnitude and direction of 
the defl ections due to the current of injury. Let the magnitude in lead 
I be a and in lead II be b. Draw the axes of leads I and III. On lead I, 
mark A (proportional to a) in the negative direction. On lead III, mark 
B (proportional to b) in the positive direction. Draw perpendiculars 
from the points so obtained. Join the point of intersection of the 
perpendiculars to the point of intersection of the lead axes to obtain 
the electrical axis of the current of injury.

Fig. 3.6.25: EKG in lead V2 in case of myocardial infarction. The 
positive electrode in case of V2 is on the chest in front of the heart. 
Therefore a positive current of injury (CI) means that the axis of CI 
is from the back to the front of the heart. In other words, the back is 
negative as compared to the front. Since the injured area is negative. 
it means that the injured area is at the back, or is posterior. Therefore 
this EKG indicates that the patient has a posterior wall myocardial 
infarct.

Fig. 3.6.26: EKG in lead V2 in a case of myocardial infarction. The 
current of injury (CI) is negative. Arguing along the same lines as in 
case of Fig. 3.6.25. one may conclude that the patient has an anterior 
wall myocardial infarction.

Fig. 3.6.27: EKG in leads V1, V2, V5, and V6 in ventricular hypertrophy. 
LVH, left ventricular hypertrophy. Use the type of reasoning employed 
for preceding EKGs to understand the appearance of the EKGs 
illustrated here. See also Fig. 3.6.8.

 Thus in left ventricular hypertrophy, a large S wave is seen 
in V1 and V2.

iii. Increase in the size of a ventricle may create a rela tive lack 
of blood supply. Hence there may also be chan ges sugges-
tive of ischaemia.

 With this background, it is easy to understand the ECG 
changes given in Table 3.6.2.

Table 3.6.2: ECG changes in ventricular 
hypertrophy

 Left ventricular Right ventricular 
 hypertrophy hypertrophy

Electrical axis Left axis Right axis
 deviation deviation
QRS complex May be prolonged Usually within
 in V5 and V6 normal limits
R wave High voltage in High voltage in
 V5 and V6 V5 and V2
S wave Prominent in Prominent in
 V1 and V2 V5 and V6

QUESTIONS AND PROBLEMS

1. Why is the sequence of repolarization in ventricles different 
from the sequence of depolarization?
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2. Why is sinus arrhythmia accentuated in voluntary hyper-
ventilation and breath holding, and why is it abolished dur-
ing exercise?

3. Why is ventricular fi brillation more dangerous than atrial 
fi brillation?

4. Why is the ventricular rhythm much faster than the idioven-
tricular rhythm in atrial fi brillation?

ANSWERS AND SOLUTIONS
1. The exact reason is not known with certainty. But it has 

been hypothesized that repolarization, being a metaboli-
cally dependent process, needs adequate blood supply. The 
process of depolarization fi rst affects the base of the ventri-
cles and the endocardial surface, and then moves towards 
the epicardial surface and apex. During contraction, the 
endocardium is squeezed the most reducing its blood sup-
ply. Therefore although the endocardium depolarizes before 
the epicardium, it repolarizes the last. The part to repolarize 
fi rst is the epicardial surface of the apex, the blood supply 
of which is affected the least during contraction.

2. In voluntary hyperventilation and breath holding, the factors 
responsible for sinus arrhythmia (see text) are accentuated.

 In exercise, the factors which increase the heart rate pos-
sibly dominate to such an extent that the factors responsible 
for sinus arrhythmia cannot affect the heart rate.

3. Atrial fi brillation makes atrial contraction ineffective. But 
atrial contraction accounts for only a small fraction of the 
blood emptied from the atria into the ventricles. Hence 
absence of effective atrial contraction is not serious. But in 
ventricular fi brillation, ventricles cannot pump blood. If no 
blood fl ows into the lungs for oxygenation, and no blood 
fl ows in the systemic circulation, survival is impossible.

4. Idioventricular rhythm is the intrinsic ventricular rhythm. 
It would be seen either if no impulse is generated in the SA 
node and atria, or if the atrial impulse is unable to travel to 
the ventricles due to AV nodal block. In atrial fi brillation 
SA node impulses are generated, and AV node conduction is 
normal. It is only that the frequency of impulses travelling 
from atria to ventricles is so large that many of the impulses 
fi nd the ventricles in a refractory state. Since the impulses 
which are able to elicit ventricular contraction do not 
have a regular rhythm, the ventricular rhythm is irregular. 
However, the overall frequency of ventricular contractions 
is still higher than the idioventricular rhythm, and higher 
than even the normal resting heart rate.
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3.7
Nutrition and Metabolism 

of the Heart

Like all other parts of the body, the heart also needs nutrients 
and oxygen, and has to get rid of waste products, including 
carbon dioxide. The walls of the mammalian heart are so thick 
that exchange with blood contained in the cavities of the heart 
by diffusion is not enough to meet the metabolic requirements. 
Therefore the heart also receives blood by specifi c arteries, 
which show some special features. Further, intermediary metab-
olism of nutrients also shows some peculiarities in the heart. 
The unique characteristics of blood supply and metabolism of 
the heart will be discussed in this chapter. Understanding these 
facts and mechanisms is important because of their applied sig-
nifi cance in the treatment of myocardial ischemia.

BLOOD SUPPLY OF THE HEART
The heart receives its blood supply from two coronary arteries, 
which arise from the root of the aorta (Fig. 3.7.1). Both coro-
nary arteries, the right and the left, have several branches which 
penetrate the superfi cial layers of the heart to supply the deeper 
layers. The extent to which each artery supplies the heart is 
highly variable. The right coronary artery supplies a larger 
fraction of the heart in about 50% of the population. The left 
coronary artery is ‘dominant’ in only 20%, while the remain ing 
30% of population have both coronary arteries having nearly 
equal blood fl ow. There is relatively little overlap in the area of 
heart supplied by each coronary artery. That is why coronary 
arteries are essentially end arteries. If a coronary artery or its 
major branch is blocked, the loss cannot be made up by anasto-
motic channels. Hence, the result is poor blood fl ow (ischemia) 
or death (infarction) in the affected area.1

 As in case of skeletal muscles, each cardiac muscle fi ber 
has one capillary associated with it. But the diameter of a car-
diac muscle fi ber is less than that of a skeletal muscle fi ber. 
Therefore the capillary density appears to be higher in cardiac 
muscle than in skeletal muscle (Fig. 3.7.2).
 The heart has dual venous drainage. The major venous 
drainage system consists of cardiac veins which drain into 

1 However, that does not mean there is no physiological reserve in a function as vital as myocardial blood fl ow. There are two types of reserve available 
here. First, the resting oxygen requirement of the myocardium is far less than the maximum that can be delivered by the fully dilated coronary arteries. 
Therefore even when the arteries are blocked to the extent of about 70% there may be no evidence of ischemia at rest or mild to moderate exercise. 
Second, the coronary blockage, which is usually due to atherosclerosis, does not develop at once. As the block grows gradually, the resulting hypoxia 
also simultaneously provides a stimulus for the development of collateral blood vessels. Thus there are no anastomotic channels to start with, but they 
can develop when required.

Fig. 3.7.1: Schematic diagram of the coronary arteries.

Fig. 3.7.2: Muscle fi bre diameter and capillary density in cardiac and 
skeletal muscle.

the right atrium like other systemic veins. But there is also a 
minor venous drainage system which discharges directly into 
chambers of the heart. This system consists of arterioluminal 
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vessels, arterio sinusoidal vessels and thebesian veins. In this 
category, those vessels which drain into the left heart add some 
deoxygenated blood to oxygenated blood. Thus they act as 
physiological shunts, like the bronchial veins (Chapter 3.13). 
However, since the total volume of ‘contami nation’ is rela-
tively small, it does not affect the partial pressure of oxygen in 
the arterial blood much.
 Blood fl ow through the coronary arteries is not uniform 
during the cardiac cycle. During ventricular systole, the cusps 
of the aortic semilunar valve do not block the openings of the 
coronary arteries because the aorta is dilated at the root to form 
the sinuses of Valsalva. However, there is another factor that 
limits coronary fl ow during systole. Contraction of the heart 
muscula ture exerts enormous pressure on the walls of blood 
vessels from the outside. This increases the peripheral resist-
ance of cardiac vasculature markedly, thereby reducing the 
blood fl ow. In simple words, muscular contraction squeezes the 
blood vessels; hence blood fl ow is reduced during systole. The 
squeezing effect is felt more in deeper layers of the myocar-
dium than in super fi cial layers. Further, the effect is maximal 
in the left ventricle because that is where maximum pressure 
is generated during systole. During isometric contrac tion, there 
is virtually no blood fl ow through the left ventricle. The phasic 
nature of coronary blood fl ow is shown in Fig. 3.7.3.

MEASUREMENT OF CORONARY BLOOD FLOW
An indirect idea of coronary blood fl ow is clinically obtained 
from coronary angiography. With the help of a catheter, a radi-
opaque contrast medium is injected into the right or the left 
coronary artery. The path taken by the medium while passing 
through the coronary arteries reveals the patency of the arter-
ies. While patent coro naries are reassuring, blocked coronary 
arteries may not give a true assessment of the severity of the 
disease. Due to the development of collateral circulation, the 
myocar dial blood fl ow may be better than is suggested by the 
degree of coronary blockage. Myocardial blood fl ow may be 
measured by using a suitable radionuclide such as radioactive 
thallium (201Tl). The radioactive thallium is injected intrave-
nously. Gamma cameras are placed in front of the chest for 
monitoring 201Tl uptake by the heart. 201Tl is taken up by the 
heart because it is pumped into myocardial cells by Na+/K+–
ATPase. The uptake is proportional to the blood fl ow.

REGULATION OF CORONARY BLOOD FLOW
Activity of the heart shows a marked increase in the normal 
course of life, e.g. during exercise or emotional excitement. 
The metabolic requirements of the heart increase during these 
phases. The enhanced require ments are met by an increase in 
blood fl ow to the heart. The coronary blood fl ow can increase 
upto four-fold during exercise. Further, the ratio of systolic to 
diastolic coronary blood fl ow may increase from 0.2 at rest to 
0.9 during heavy exercise. Obviously, regulatory mecha nisms 
exist for increasing the coronary blood fl ow whenever required. 
No mechanisms are required for decreasing the coronary blood 
fl ow because the require ments of the heart cannot fall below 
the resting require ments during life.

Fig. 3.7.3: Coronary blood fl ow during different phases of the cardiac 
cycle. Note that the blood fl ow through the left coronary artery is below 
zero towards the end of isometric contraction. This is to indicate the 
fact that blood may be squeezed out of the coronary artery towards the 
aorta at that point. IC, isometrlc contraction; IR, isometric relaxation.

 Increasing the coronary blood fl ow is the only major mech-
anism available to the heart for meeting enhanced oxygen 
requirements because the resting heart extracts about 80 per-
cent of the oxygen available in its arterial blood supply. Hence, 
there is not much scope for extracting more oxygen to meet the 
enhanced require ments.

Neural Regulation
Coronary arteries are supplied by autonomic sympathetic and 
parasympathetic nerves. The sympathetic nerves arise from 
the fi rst through fourth thoracic segments of the spinal cord. 
They relay in superior, middle and inferior cervical ganglia. 
Postganglionic fibers supply the coronary arteries and the 
heart. The parasympathetic nerves to the coronaries travel in 
the vagus, the Xth cranial nerve.
 It is not certain whether sympathetic vasoconstrictor tone 
is present in coronary arteries. However, the coronary blood 
fl ow does not change in association with refl ex changes in sys-
temic blood pressure brought about by changes in activity of 
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the vasomotor centre. Coronary arteries have both alpha and 
beta adrenergic receptors, with the beta receptors predominat-
ing. Beta receptor stimulation produces vasodilation whereas 
alpha recep tor stimulation produces vasoconstriction. But 
stimu lation of sympathetic nerves results in vasodilation. The 
vasodilation observed in response to sympathetic stimulation is 
brought about by two mechanisms:
1. Direct stimulation of beta receptors in the coronary vessels.
2. Indirectly by sympathetic stimulation of the heart. 

Sympathetic stimulation of the heart increases its rate and 
force of contraction. This leads to increased meta bolic 
requirements in the heart. Hence there is a fall in local PO2, 
rise in PCO2, rise in hydrogen ion concen tra tion, and accu-
mulation of various other metabolites. These changes have 
a powerful coronary vasodilator effect. Hence sympathetic 
stimulation leads to coro nary vasodilation both directly and 
indirectly (Fig. 3.7.4).

 The dual action of sympathetic stimulation can be dissoci-
ated by using a drug which blocks beta adrenergic receptors. If 
such a drug, e.g. propranolol, is adminis tered before stimula-
tion, then sympathetic stimulation produces coronary vasocon-
striction. This happens because after blocking of beta recep-
tors, neither direct vaso dilation nor increase in heart rate or 
force of contrac tion are possible. Therefore the catecholamines 
released by sympathetic stimulation can act only on the few 
alpha receptors that are present in the coronary arteries to pro-
duce vasoconstriction.
 There are relatively few parasympathetic (vagal) fi bers 
supplying the coronary arteries. The direct effect of stimula-
tion of these fi bers is coronary vasodilation. But as in case of 
sympathetic effects, the indirect effect is more important. Vagal 
stimulation slows the heart rate and decreases cardiac contrac-
tility. That reduces the rate of formation of metabolites in the 
cardiac muscle, and thereby produces vasoconstriction. Since 
this effect is stronger than the direct effect, the overall result of 
para sympathetic stimulation is coronary vasocons triction.

Chemical Regulation
Coronary blood fl ow is very sensitive to changes in concen-
tration of metabolites associated with tissue acti vity. 
Accumulation of any of a large number of meta bolites in the 
myocardial interstitial fl uid produces vaso dilation. These prod-
ucts have been enumerated in Table 3.7.1.
 Chemical regulation of coronary blood fl ow is far more 
important than neural regulation. As seen above, the effect 
of sympathetic stimulation is also partly through chemical 
mediators. This is a very effi cient arrange ment from the func-
tional point of view because the products of enhanced activity 
directly increase the blood fl ow to meet the requirements of the 
enhanced activity. That is why even a fall in arterial blood pres-
sure does not reduce coronary blood fl ow although the blood 
fl ow through several parts of the body is reduced (Fig. 3.7.5).

METABOLISM OF THE HEART
Cardiac muscle shares most of features of the cellular metabo-
lism elsewhere in the body. However, being a vital organ, its 
peculiarities are worth mentioning. First, it can utilize a wide 

variety of substrates with almost equal ease for obtaining 
energy. The substrates include free fatty acids, glucose, pyru-
vate, lactate, ketone bodies and amino acids. A resting heart 
obtains about two-thirds of its energy requirements from fatty 
acids, a concen trated source of energy. Second, being an active 
tissue, the heart extracts about 80% of the oxygen available 
in the arterial blood. Therefore the arteriovenous (AV) oxygen 
diffe rence is very high in case of the heart. Third, since the 

Fig. 3.7.4: Mechanism by which sympathetic stimulation leads to 
dilatation of coronary arteries.

Table 3.7.1: Physiological chemical mediators 
known to dilate coronary arteries

 S. No. Chemical agent

 1. Low oxygen tension
 2. High carbon dioxide tension
 3. High hydrogen ion concentration
 4. High potassium ion concentration
 5. High lactic acid concentration
 6. High ADP concentration
 7. High AMP concentration
 8. High adenosine concentration

Fig. 3.7.5: Mechanisms which maintain coronary blood fl ow when 
there is a fall in arterial blood pressure.
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rest ing AV difference is high, there is not much scope for addi-
tional oxygen delivery in situations of heavy demand. The only 
way to cope with such situa tions is by incre ase in coronary 
blood fl ow. Finally, because of the low physiological reserve 
in terms of oxygen extraction, if the coronary arteries are 
blocked, the heart can easily suffer ischemic damage in a situ-
ation of enhanced oxygen requirement. The gravity of the situ-
ation is compounded if the block is sudden, as due to coronary 
spasm, or bleeding into an atherosclerotic plaque, because in 
these cases there has not been enough time for collateral circu-
lation to develop.
 In case of myocardial ischemia, lactate may accumu late, 
and may account at least partly for the pain obser ved. The pain 
is characteristically retrosternal and on left side of chest, and 
radiates to the left arm but could be at many atypical positions. 
The most charac teristic feature of the pain is that it is precipi-
tated by physical exertion, and is relieved by rest.2 The pain is 
called angina pectoris, or simply angina.

QUESTIONS AND PROBLEMS
1. What is exercise electrocardiography?
2. What is reperfusion injury?
3. Other than physical exertion, is there anything else which 

may precipitate angina?
4. What is the best way to treat coronary artery disease?

ANSWERS AND SOLUTIONS
1. Exercise electrocardiography, also called stress ECG test 

or exercise ECG test, is based on the fundamental fact that 
adequacy of blood supply is relative. Supply is adequate 
so long as it is able to meet the demand. Thus coronary 
blood supply, which is adequate at rest, may turn out to be 
inadequate during exercise when cardiac work, and hence 
demand for blood fl ow, increases. Therefore a patient with 
early coronary artery disease may get chest pain during 
exercise. But his ECG taken at rest may show no signs of 
ischaemia. If the same person’s ECG is taken during exer-
cise, it may show evidence of ischaemia. Thus exercise 
electrocardiography can be used for diagnosis of early coro-
nary artery disease. It can also be used for screening appar-
ently healthy persons for potential risk of coronary artery 
disease because the severity of exercise performed during 
the test is greater than that performed by many individuals 
in daily life. In addition, the test can also be used in patients 
with proven myocardial ischemia for determining their 
functional capacity or evaluating the effect of treatment.

 In an exercise electrocardiography test, the exercise is 
standar dized. The exercise is commonly done on treadmill: 
therefore the test is also called the treadmill test (TMT).

 Since an attack of coronary insuffi ciency may be precipi-
tated by the exercise electrocardiography test itself, elabo-
rate preparation and evaluation of the patient should pre-
cede the test. The test should be conducted carefully under 

direct medical supervision. The test laboratory should be 
equipped with resuscitation drugs and equipment including 
a defi brillator.

2. After the blood supply to an ischaemic tissue is restored, the 
hypoxic injury is paradoxically aggravated. This is spoken 
of as reperfusion injury because it seems to be due to reper-
fusion of an ischaemic tissue. A logical explanation for the 
phenomenon in the myocardium is that hypoxia leads to an 
increase in cytosolic calcium. This happens because extra-
cellular calcium is normally higher than intracellular cal-
cium but the gradient cannot be maintained during hypoxia. 
Till oxygen supply to the tissue is defi cient, the raised 
cytosolic calcium does not induce contraction. But once the 
blood fl ow, and thereby the oxygen supply is restored, the 
high calcium levels trigger sustained contractile activity. 
The sarcolemma and cytoskeleton of the myocardial cells 
having already become fragile during ischaemia, the sus-
tained contraction may lead to further cell injury or even 
cell death. Reactive oxygen species formed during reoxy-
genation further aggravate the damage.

3. Angina is essentially the result of myocardial oxygen sup-
ply falling short of the demand. When the increase in supply 
above the resting level is limited due to coronary block-
age, anything which increases oxygen demand, or suddenly 
makes the blockage worse, may precipitate angina. Oxygen 
demand is increased not only by physical exertion, but also 
by emotional outbursts (specially anger), a heavy meal, or 
exposure to cold environment. The blockage may become 
suddenly worse as a result of spasm of the coronary arteries 
and/or bleeding into the atherosclerotic plaque. These can 
result from anger, smoking, or a heavy high fat meal, or 
may sometimes occur apparently ‘spontaneously’.

4. There are many approaches to the treatment, and each 
approach has its own value. However, one way to answer 
the question is that the best approach goes to the root cause 
of the disease. The disease develops slowly in genetically 
susceptible individuals as a result of a faulty lifestyle, the 
major culprits being overeating, inadequate physical activ-
ity, smoking, and mental stress. Correction of the lifestyle 
not only halts further progress of the disease, it also slowly 
starts reversing the coronary blockage. The best lifestyles 
were designed in ancient cultures. Therefore this realization 
has also made medical scientists look at the wisdom embod-
ied in ancient disciplines like yoga. However, if the disease 
is far advanced, a slow process like lifestyle modifi cation 
alone cannot suffi ce. In the worst situation, bypass surgery 
is required; in less severe cases, coronary angioplasty may 
be preferable; and in some cases, recourse may have to be 
taken to drugs which dilate the coronary arteries, reduce 
the sympathetic drive to the heart, reduce the contractility 
of the heart, reduce arterial blood pressure, or reduce the 
coagulability of blood. A judicious combination of several 
approaches is often required, but lifestyle modifi cation is 
currently considered to be invariably a desirable component 
of the treatment.

2 You should be able to explain why it is so.
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3.8
Cardiac Output

The function of the heart is to pump blood. Hence cardiac 
function is best expressed in quantitative terms as the amount 
of blood pumped in unit time. Since blood is pumped during 
every heart beat, the amount pumped in unit time depends both 
on the amount pumped during every beat, and the number of 
beats per unit time. The amount of blood pumped by either 
ventricle during every beat (stroke volume) is about 70 mL at 
rest, and the heart beats about 70 times per minute at rest.
 Hence cardiac output = Stroke volume × heart rate
  = 70 mL × 70 min–1

  = 4900 mL. min–1

  = 5 L. min–1 (approx).
 Cardiac output is the output of either ventricle. Since the 
two ventricles are interconnected, there can normally be no 
long-term discrepancy between their outputs.
 The output of the left ventricle is distributed to different 
parts of the body in proportion to their needs (Fig. 3.8.1). Since 
a large-sized person has large-sized organs which need more 
blood fl ow, the cardiac output varies with body size. Hence 
cardiac output per unit body surface area is relatively constant 
from one indi vidual to another, and is called cardiac index.

 Cardiac index = 
Cardiac output
Surface area

  = 
5 L. min–1

1.7 m2

  = 3 L. min–1. m–2 (approx).

 Body surface area (BSA) may be calculated from height 
and weight using Dubois’ formula.

BSA (m2) = Weight (kg)0.425 × Height (cm)0.725 × 0.007184
 Alternatively, BSA may be read off from a nomogram.
 Cardiac output is distributed as blood flow to various 
organs. Hence situations which result in an increase in blood 
fl ow through a major vascular bed increase the entire cardiac 
output. One everyday example of such a situation is exercise, 
which is associated with an increase in muscle blood fl ow. 
During exercise, the cardiac output may increase up to about 
fi ve-fold even in untrained persons, and up to about ten-fold in 
trained athletes.

Fig. 3.8.1: Distribution of the cardiac output to different parts of the 
body at rest. CO, cardiac output.

DETERMINATION OF CARDIAC OUTPUT

Cardiac output may be determined by the following methods:

A. Direct Methods
1. Using Fick’s Principle

As applied to the determination of cardiac output, Fick’s 
principle gives us the relationship between cardiac output, 
arteriovenous, oxygen difference and oxygen consumption 
(Fig. 3.8.2). The output of the right ventricle fl ows through the 
lungs where it picks up oxygen. The amount of oxygen picked 
up is the product of the arteriovenous oxygen difference and 
blood fl ow through the lungs (cardiac output). For example, 
suppose:
 Oxygen concentration in venous blood entering the lungs = 
15 mL/100 mL.
 Oxygen concentration in arterial
 blood leaving the lungs = 20 mL/100 mL
 Arteriovenous oxygen difference = 5 mL/100 mL
 Oxygen consumption = 250 mL/min
 If lungs add 5 mL oxygen to 100 mL blood,
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2. Using Indirect Fick’s Principle
In this method, instead of making use of a substance which is 
added to the blood by the lungs, we make use of a substance 
(carbon dioxide) which is removed from the blood during its 
passage through the lungs. Then, using the same principle,
 Cardiac output (mL/min) =

 
Carbon dioxide expired (ml/min)

Veno-arterial carbon dioxide difference (mL/100 mL) × 100

 The advantage of the method is that veno-arterial carbon 
dioxide difference can be determined without cardiac 
catheterization.

3. Indicator Dilution Method
The method is a modification of the dye dilution method 
discussed earlier for determination of blood volume 
(Chapter 2.11). Briefl y, we use a non toxic dye which, if injected 
into the bloodstream, leaves the bloodstream very slowly. One 
such dye is Evans blue (T 1824). The dye is injected and its 
arterial blood concentration moni tored every 0.5 to 2 seconds 
for one minute. The concen tration, when plotted against time, 
gives a curve as shown in Fig. 3.8.3. On extrapolation, the 
curve gives a circulation time of 30 sec. During this period, the 
time-integrated average dye concentration may be deter mined 
graphically (as in Fig. 3.8.3) or algebraically.
 Cardiac output (mL/min) =

Amount of dye injected
Average concentration of dye × circulation time (sec)

× 60

 Suppose 5 mg of the dye are injected, the average concen-
tration of the dye is 0.002 mg/mL, and the circulation time is 
30 sec.

 Then cardiac output = 
5

0.002 × 30
 × 60 mL/min

      = 5000 mL/min
 A variation of the dye dilution technique is the thermal 
dilution technique. Here, instead of the dye, cold or hot saline 
is injected. Cold saline is more popular than hot saline. The 
amount of heat dissipated or gained during one circulation is 
measured by accurate recording of blood temperature. The 
calculations are similar to those for the dye dilution method.

Merits and Demerits of ‘Direct’ Methods
Fick’s principle gives accurate results but cardiac catheteri-
zation and simultaneous oxygen consumption recording make 
the use of this method diffi cult during exercise or in ambula-
tory patients. Cardiac catheteri zation also needs expertise. 
Hospitalization and the very thought of cardiac catheterization 
may lead to some increase in cardiac output due to fear and 
excitement.
 Dye dilution method is good but repeated use within a short 
time may lead to some error because of high initial level of dye 
in the blood. However, it is a very popular method.
 Thermal dilution method is not very accurate. But it is 
popular for children as saline is nontoxic. It can be repeated as 

Fig. 3.8.2: Determination of cardiac output by Fick’s principle. The 
entire output of the right ventricle passes through the lungs. While 
passing through the lungs each 100 mL of blood, picks up 5 mL 
oxygen. Since the oxygen consumption is 250 mL/min, 50 such 100 
mL portions of blood must pass through the lungs every minute. Hence 
the output of the right ventricle per minute is 50 × 100 mL, i.e. 5000 
mL. V, venous blood; A, arterial blood.

 Then lungs add 250 mL oxygen to

 
100
5  × 250 mL blood

   = 5000 mL blood

 Since oxygen consumption is 250 mL/min, 250 ml oxygen 
is added by the lungs to 5000 mL blood in one minute.
 Hence, the blood pumped by the right ventricle to the lungs 
is 5000 mL every minute. In other words, the cardiac output is 
5000 mL/min. In short,
 Cardiac output (mL/min) =

 
Oxygen consumption (mL/min)

Arteriovenous oxygen difference (mL/100 mL)
× 100

 In practice, oxygen consumption can be measured by using 
a spirometer (for details, see Section 4, Respi ration). The 
arterial blood sample for measurement of oxygen concentra-
tion may be collected from any artery because the concentra-
tion is almost the same in every artery. But for collection of 
the venous blood sample, any vein will not do because differ-
ent organs extract oxygen from the arterial blood to varying 
degrees. Hence the venous blood sample should be collected 
after the blood returning from different organs has been thor-
oughly mixed up, just before the mixed venous blood enters 
the lungs. This can be done by passing a catheter through a 
peripheral vein such as the median vein, and advancing it till 
its tip reaches the right ventricle. Then a blood sample is drawn 
from the right ventricle using a syringe.
 These days it is possible to record oxygen consump tion, 
and arterial and venous oxygen content contin uously, and have 
a minute to minute computerized calculation of the cardiac 
output.
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many times as desired. In this method there is no blood loss but 
cardiac catheterization is required. This method is also used in 
acutely ill patients in intensive care units.

B. Indirect Methods

1. Pulse-pressure Method

In 1904 Erlanger and Hooker suggested that stroke volume 
may be calculated from pulse pressure measurement. It is a 
rough clinical method to judge the cardiac output.

2. Roentgenographic Method
Two types of methods are available for determining the cardiac 
output by X-ray visualization of heart.
i. Serial X-ray pictures taken in quick succession show the 

size of the heart during systole and diastole.

ii. A radio-opaque substance may be injected intra venously 
and then the heart may be visualized during systole and 
diastole.

 Stroke volume may be calculated from either of these pic-
tures using a computer programme.

Merits and Demerits of ‘Indirect’ Methods
All these indirect methods are easy, noninvasive and can be 
done on large numbers of patients repeatedly. Their chief 
demerit is that they are relatively inaccurate.

FACTORS AFFECTING CARDIAC OUTPUT
Cardiac output is the product of stroke volume and heart rate. 
Hence any factor which affects either the stroke volume or the 
heart rate or both (not reciprocally!) affects the cardiac output.

Fig. 3.8.3A to 3C: Determination of cardiac output by the dye dilution technique. A. The dye is injected into a vein as a bolus. B. The 
concentration of the dye is determined in arterial samples collected serially in quick succession. The blood samples are likely to correspond 
to those labelled a, b, c and so on, in that order. The density of dots in the blood is a diagrammatic representation of the concentration of the 
dye. C. Concentration of the dye plotted against time. The points a, b, c, etc. correspond to those in B. After sample h, the dye concentration 
increases because by now some of the dye in the regions a and b has completed the circulatory circuits and has reappeared at the point 
of sampling. Therefore the graph has been completed by a dotted line. The time-integrated average dye concentration is 2 mg/L. The line 
at 2 mg/L is based on the fact that the shaded area below the line is equal to the shaded area above it. RA, right atrium; RV, right ventricle; 
LA, left atrium; LV, left ventricle; L, lungs.
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Factors Affecting the Stroke Volume
Stroke volume, which is the amount of blood pumped by the 
heart during one stroke, depends mainly on three factors:
a. Degree of ventricular fi lling during diastole. The more the 
fi lling, the more is likely to be emptied. On the other hand, 
if fi lling is inadequate (e.g. if the heart rate is very high), 
emptying has to be reduced.

b. Contractility of ventricles. If the contractile strength of 
ventricles increases, stroke volume increases, result ing in a 
lower end-systolic ventricular volume. This may happen as 
a result of stimulation of sympathetic nerve fi bers supplying 
the heart.

c. Resistance offered to ventricular pumping action. Left 
ventricle has to pump out blood against aortic impedance 
(resistance). Increased aortic resistance tends to decrease 
left ventricular stroke volume. In pulmonary arteries the 
pressure is very low. Hence right ventricular output is not 
much affected by changes in pulmonary artery impedance. 
However, marked increase in pulmonary artery pressure, 
as in exercise at high altitude by an unacclimatized person, 
reduces right ventricular stroke volume.

 All these three parameters affecting stroke volume were 
demonstrated by Starling between 1910 and 1914 using his 
now classic heart lung preparation (Fig. 3.8.4).

Starling’s Heart Lung Preparation
In this preparation, the left ventricle pumps blood into an arti-
fi cial circuit, the resistance of which can be altered at will. The 
blood returns to the right atrium through a reservoir, the height 
of which can be altered to simulate alterations in venous return. 
The right ventricle pumps blood into the lungs, which oxygen-
ate it and return it to the left atrium. However, since the chest 
of the animal is open, the lungs have to be ventilated by a res-
piratory pump. Thus the normal and natural participants in the 

Fig. 3.8.4: Starling’s heart-lung preparation. The circulation through the heart and lungs is essentially normal. The systemic circulation is 
substituted by mechanical devices. Elasticity of the arteries is provided by an air chamber. The peripheral resistance is provided by an 
adjustable obstacle to fl ow. The blood passes through a heated reservoir to maintain its temperature at 37°C. The level of the venous 
reservoir can be adjusted. Manometers are provided for measurement of right atrial pressure and arterial pressure. A cardiometer is often 
employed to monitor ventricular volume. The animal is artifi cially ventilated with the help for a respiratory pump. SVC, superior vena cava; 
IVC, inferior vena cava; RA, right atrium; RV right ventricle; PT, pulmonary trunk; L, lungs; LA, left atrium; LV, left ventricle.

circulation are only the heart and the lungs, hence the name 
heart-lung preparation. For all practical purposes, the animal is 
dead, although its heart continues to beat and its lungs continue 
to breathe. This is so because there is no circulation through 
the body; hence no organ can survive. Therefore, the heart is 
not subjected to neural or humoral infl uences.
 To prepare a heart-lung preparation, the chest of an anes-
thetized dog is opened. The animal is put on artifi cial ventila-
tion. All the branches of the aorta are tied and blood pumped 
out of the left ventricle is short-circuited through a heparinized 
(to prevent coagulation) tube connected to a cannula placed in 
the brachiocephalic trunk (innominate artery). By a side tube 
connected to a mercury manometer the aortic pressure may be 
cons tantly measured. The blood from the left ventricle passes 
through an elastic chamber (to simulate elasticity of the arterial 
system) and then through the resistance tube (to simulate the 
resistance offered by the arterial system). The temperature of 
the blood is maintained at 37°C. All the tributaries of superior 
and inferior vena cava are liga ted. Short-circuited blood is col-
lected into a venous reservoir which is placed on a stand. The 
level of the reser voir can be shifted up or down (to bring about 
increase or decrease in venous return). Right atrial pressure is 
monitored through a water manometer connec ted to the infe-
rior vena cava. The combined right and left ventricular volume 
changes are continuously recorded by means of a cardiometer.

Observations on Starling’s Heart-lung Preparation
1. Increased diastolic filling of the right atrium and right 

ventricle by lifting up of the venous reservoir increases 
the stroke volume of the heart. This observation may be 
explained as shown in Figure 3.8.5.

 This explanation, which is based on length-tension relation-
ship in cardiac muscle, was fi rst proposed by Starling in 
1914 and is therefore called Starling’s law of heart. That 
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the length-tension relationship in cardiac muscle is similar 
to that in skeletal muscle had been earlier demonstrated on 
frog’s heart by Frank in 1895. That is why Starling’s law is 
sometimes also called the Frank-Starling mechanism.

2. Keeping the venous reservoir level constant, if the resis-
tance is increased (simulating increased peri phe ral resist-
ance), leading to increased blood pressure, the stroke vol-
ume initially decreases (Fig. 3.8.6). If the ventricle has to 
pump against a higher resis tance it is understandable that 
it will be able to pump less blood. This results in more 
residual volume of blood in the ventricle at the end of sys-
tole. Accumu lation of blood in the ventricle increases the 
initial length of its muscle fi bres. Therefore, after two or 
three beats, the stroke volume increases. Thus obser vations 
on both increased venous return and increased peri phe-
ral resistance encouraged Starling to believe that cardiac 
muscle had the same type of length-tension rela tion ship as 
skeletal muscle. Hence he enunciated the law which is now 
famous as Starling’s law (Fig. 3.8.7).

 On the basis of Starling’s law of the heart, it may be 
expected that for a given heart, a predictable linear relation-
ship would exist between ventricular muscle length and stroke 
volume. But Sarnoff found that this was not strictly true. At the 
same muscle length, different stroke volumes were often seen 
due to change in contractility of the heart. An important factor 

Fig. 3.8.5: Effect of raising or lowering the venous pressure on 
ventricular diastolic volume and stroke volume, as observed in 
Starling’s heart-lung preparation.

Fig. 3.8.6: Effect of raising or lowering peripheral resistance on 
arterial pressure, ventricular diastolic volume and stroke volume, as 
observed in Starling’s heart-lung preparation.

Fig. 3.8.7: Different ways of looking at the relationship embodied in 
Starling’s law of the heart.

which can change the contractility of the heart is sympathetic 
stimulation. Catecholamines increase the contractility of the 
heart, leading to a higher stroke volume for a given initial ven-
tricular muscle fi ber length.
 The initial ventricular muscle fi ber length is directly related 
to the end-diastolic ventricular volume. Further, the end-diasto-
lic ventricular volume is related to the end-diastolic ventricu-
lar pressure (EDVP). Secondly, the stroke volume is directly 
related to the mechanical work performed by the ventricle. 
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Using these variables, Sarnoff performed a series of experi-
ments on the basis of which he plotted a family of curves (Fig. 
3.8.8). The curves illustrate graphically that:
i. EDVP is proportional to stroke work over a fairly wide 

range. This is just another way of looking at Starling’s law.
ii. The EDVP-stroke work curve shifts to the left by sympa-

thetic activity. Hence it is possible to have a higher stroke 
work for the same EDVP under sympathetic infl uence.

Factors Affecting Heart Rate
Heart rate is predominantly under neurohumoral infl uence. 
Parasympathetic stimulation reduces heart rate while sympa-
thetic nerve stimulation or release of catecholamines from the 
adrenal medulla increase heart rate. Various situations in which 
there is an alteration in sympathetic-parasympathetic balance 
have been discussed in Chapter 3.10.

DISTRIBUTION OF CARDIAC OUTPUT
The entire blood pumped by the right ventricle goes to the 
lungs, but the blood pumped by the left ventricle is distributed 
to different parts of the body through branches of the aorta. The 
quantity supplied to each organ is determined by its require-
ments. The distribution at rest while in the thermoneutral zone 
is shown in Figure 3.8.1. There are major changes in the car-
diac output as well as its distribution during everyday events 
such as exercise or exposure to hot environment. The nature 
and mechanisms of these changes have been discussed at 
appropriate places in the book.

QUESTIONS AND PROBLEMS
1. Can you tell why the cardiac output increases:
 a. soon after eating
 b. during a hot water bath

 c. during exposure to a high ambient temperature
 d. during pregnancy
 e. during exercise
 f. in anxiety and excitement
 g. in hypoxia
 h. in hyperthyroidism
 i. in anaemia
2. For the determination of cardiac output by Fick’s principle, 

why is it better to collect the venous blood sample from the 
right ventricle than from the right atrium?

3.  For the .determination of cardiac output by Fick’s princi-
ple, which is the ideal site for collecting the arterial blood 
sample?

4. Can you think of a real life situation resembling a heart-
lung preparation?

ANSWERS AND SOLUTIONS
1. Cardiac output increases:
 a. after eating because of increase in blood fl ow through 

the gut.
 b. during a hot water bath because of increase in skin blood 

fl ow.
 c. during exposure to a high ambient temperature because 

of increase in skin blood fl ow.
 d. during pregnancy because of additional blood flow 

hrough the foeto-placental unit.
 e. during exercise because of increase in muscle blood 

fl ow.
 f. in anxiety and excitement because of release of cat-

echolamines which increase the heart rate and force of 
contraction of the heart.

 g. in hypoxia because chemoreceptor stimulation also 
leads to release of catecholamines.

 h. in hyperthyroidism because elevation of metabolic rate 
in this condition requires increased blood fl ow through 
tissues.

 i. in anaemia because reduced oxygen carrying capacity is 
compensated by increased blood fl ow in metabolically 
active organs.

2. The right-ventricular sample is better because mixing of the 
superior vena cava blood and inferior vena cava blood is 
not complete in the right atrium. A sample drawn from the 
pulmonary artery is considered still better.

3. The ideal site is the pulmonary venous trunk. But since the 
oxygen concentration in normal persons is essentially the 
same in any pulmonary vein or any peripheral artery, the 
sample is generally collected from the brachial artery.

4. Some critically ill unconscious patients on respirators 
resemble a heart-lung preparation quite closely. Most of the 
vital organs of their body, including the brain, are in a state 
of irreversible damage due to inadequate perfusion. But the 
heart continues to beat and the lungs continue to undergo 
cyclic infl ation and defl ation as a result of the activity of the 
respiratory pump. These patients display the two cardinal 
signs of life, viz. pulse and respiration, and may continue 
to display these for months or years provided the respirator 
is kept on. On the other hand, breathing would disappear 

Fig. 3.8.8: Effect of sympathetic stimulation on the relationship 
embodied in Starling’s law of the heart. For a given left ventricular 
end diastolic pressure (i.e. muscle fi bre length), the stroke work (i.e. 
energy of contraction) is higher under the infl uence of sympathetic 
stimulation.
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immediately and the pulse would stop within a couple of 
minutes if the respirator is switched off. It can sometimes 
become a complex medicolegal, ethical and social prob-
lem to determine the point at which all hope may be aban-
doned and the respirator switched off. The complexity is 
increased by the fact that once life support is withdrawn, 

the heart and kidneys of these patients can be transplanted 
into patients waiting for these organs. The problem has been 
partly solved by including brain death among the criteria of 
death. If the electroencephalogram (EEG) shows no sign of 
life, the patient may be considered dead even if its pulse and 
breathing are intact.
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3.9
Principles of 

Hemodynamics

Heart acts as a pump and blood vessels act as tubes. How ever, 
these tubes are not rigid. They are elastic and disten sible, and 
their calibre is subject to alteration by regula tory mechanisms 
of the body. In this chapter we shall concentrate on the proper-
ties and behavior of blood vessels.

ARTERIES
In addition to smooth muscle, aorta and big arteries con tain a 
large amount of elastic tissue. When the left ventricle pumps 
out blood these elastic tissues allow aorta and the big arteries 
to expand and accommodate the blood without undue rise in 
pressure. The arch of aorta has been designed by nature as a 
compressor chamber to accommodate blood and to dampen a 
large pressure head. The aorta and big arteries transiently store 
blood during systole, and then shrink to produce onward blood 
fl ow during diastole. Like an accessory pump they convert the 
sharp pressure fl uctuations in the left ventricle (0 to 120 mm 
Hg) into much smaller pressure fl uctuations in the arteries (80 
to 120 mm Hg). This function of large arteries is known as 
Windkessel effect (Fig. 3.9.1) Aorta has an internal radius of 
about 1.2 cm. Therefore its cross sectional area is

22/7 × (1.2)2 = 4.5 sq cm
 Blood flows through the aorta at a velocity of 22.5
cm/s. Aorta has several branches, which in turn subdivide into 
an arterial tree made up of about 8000 small arteries having an 
average internal radius of about 0.5 mm or 0.05 cm. Therefore, 
the total cross-sectional area of the atrial tree is

8000 × 22/7 × (0.05)2 = 63 sq cm
 This cross-sectional area is about 14 times that of the aorta. 
Therefore the velocity of blood fl ow in small arteries is also 
reduced to about one-fourteenth, i.e. 22.5/14 = 1.6 cm/s.

Regulation of Lumen
Aorta and large arteries have a good deal of elastic tissue but 
not much of smooth muscle. Therefore, their lumen under-
goes passive stretch to accommodate blood during systole, and 
passive recoil to keep the blood fl owing during diastole. But 
arterioles, metarterioles and pre capillary sphincters are rich in 
smooth muscle, contrac tion of which is subject to regulatory 
mecha nisms. The smooth muscle of these segments responds 
to stretch, temperature, and a variety of neurohumoral and 

chemical factors (Table 3.9.1). Response to these factors helps 
in matching blood fl ow to organs with their require ments. 
Besides generalized regulation by neuro humoral factors which 
will be considered in greater detail later, local factors regulate 
blood fl ow through specifi c vascular beds in accordance with 
fl uctuations in require ments. For example, a rise in pressure 
head may increase the blood fl ow above the requirements. 
But it also stretches the smooth muscle of the blood vessels. 
Stretch results in contraction which produces vasocons triction 
(narrowing of lumen of blood vessels), thereby restoring blood 
fl ow to a level commensurate with requirements. On the other 
hand, if the blood fl ow is below the imme diate requirements 
of a tissue due to a fall in pressure head or increase in activ-
ity, the resulting accumulation of carbon dioxide, fall in pH 
and hypoxia would produce vasodilation (widening of lumen 
of blood vessels), thereby increasing blood fl ow to match the 
requirements. Thus smooth muscle response to stretch and 
local metabolites plays an important role in regulating blood 
fl ow to organs. Since this regulation does not depend on neural 
or hormonal mechanisms, it is also called auto regulation. It is 
particularly important in organs which have marked episodic 
variations in activity, such as skeletal muscle.

Physical Principles Applicable to Blood Flow

Ohm’s Law

Drawing an analogy with fl ow of electric current, blood fl ow 
may be compared to current fl ow, resistance offered by blood 
vessels to electrical resistance, and pressure to electrical poten-
tial. Therefore, Ohm’s law may be rewritten for the vascular 
system as:

Blood fl ow (F) = Pressure (P)/Resistance (R)
 As in case of wires, the resistance depends on the diameter 
of the blood vessels. Smaller the diameter, higher the resist-
ance. It is interesting to consider how changes in arterial lumen 
can have contradictory effects on blood fl ow. If the diameter 
is increased, resistance will fall, and hence fl ow will tend to 
increase. On the other hand, increase in diameter will reduce 
the pressure, and hence fl ow will tend to decrease. There fore, 
to make full use of the increased diameter for increasing the 
blood fl ow, the pressure head should also rise by raising the 
infl ow of blood, i.e. by increasing the cardiac output. The 
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Fig. 3.9.1A and B: The Windkessel effect. During systole of the left ventricle (LV), the large arteries (A) expand to accommodate blood, 
During diastole, they collapse somewhat so that in spite of no ejection from the left ventricle, the fall in arterial pressure in only moderate. 
That is why, although the left ventricular pressure (LVP) fl uctuates between 0 and 120 mm Hg during diastole and systole, the arterial 
pressure (AP) fl uctuates only between 80 and 120 mm Hg.

Table 3.9.1: Some factors affecting vascular 
smooth muscle

 S. No. Factors Responses of smooth muscle

 1. Stretch Contraction1

 2. Low temperature Contraction
 3. Carbon dioxide2 Relaxation
 4. Hypoxia Relaxation
 5. Hydrogen ions Relaxation
 6. ADP Relaxation
 7. Increased osmolarity Relaxation
 8. Sympathetic nerves3 Contraction
 9. Catecholamines4 Contraction
1Contraction produces vasoconstriction and relaxation produces 
vasodilation.
2Carbon dioxide, hypoxia, hydrogen ions, ADP and osmolarity are 
products of tissue activity which are likely to accumulate whenever 
blood fl ow is below requirements.
3This response, like others in this Table, is the usual response. 
Exceptions do occur, which will be discussed at appropriate places. 
Para sympathetic nerves supply only a few vascular beds.
4Contraction is the response of blood vessels having alpha adren-
ergic receptors. Blood vessels having beta receptors, which are less 
common, relax in response to catecholamines.

situation can be understood easily by considering the analogy 
of watering a garden. For increasing the absolute fl ow of water, 
the tap has to be opened more completely. On the other hand 
just to increase the velocity of fl ow, the tip of the tube may be 
squeezed (Fig. 3.9.2).

Poiseuille’s Equation
This relationship was initially proposed for movement of fl uid 
through a rigid tube. Although blood vessels are not rigid, the 
formula explains observations on blood fl ow reasonably accu-
rately. Poiseuille’s equation states that:

Q = (P1 – P2) × 
 r 4

8  L

Fig. 3.9.2: Effect of cardiac output and arteriolar diameter on pressure 
(P), resistance (R), fl ow and velocity of fl ow (V), using the analogy 
of a garden water hose.

where Q is the rate of fl ow, (P1 – P2) is the pressure differ ence 
across the tubes (provided P1 > P1),  is the viscosity of the 
fl uid, r is the radius and L the length of the tube.
 According to Ohm’s law,

R = 
(P1 – P2)

Q
 Substituting the value of Q from Poiseuille’s equation,

 R = 
8  L

(P1 – P2)  r 4

or R = 
8  L

 r 4
 Hence the resistance is affected maximally by the radius of 
blood vessels, and is altered markedly by vaso dilation or vaso-
constriction. Resistance is also affected by viscosity, which 
depends mainly on the hematocrit and the length of blood ves-
sels. Since fl ow also depends on pressure gradient and resist-
ance, fl ow is also markedly affected by radius of blood vessels 
(Fig. 3.9.3).
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Flow Characteristics: Reynold’s Number
Blood fl ow through blood vessels is mainly laminar. Whether 
fl uid fl ow through a tube is laminar or turbulent depends upon 
several factors, which are embodied in Reynold’s number (R).

R = 
S D V

where S is the density of the fl uid, D the diameter of the tube, 
V the velocity of fl ow, and h the viscosity of the fl uid. Flow is 
laminar provided R is less than 2000. If the value of R exceeds 
2000, fl ow becomes turbulent. In relation to blood fl ow, viscos-
ity of blood is low in anemia. Hence turbulence may occur in 
aorta, which has a larger diameter, and high velocity of fl ow, 
producing an ejection systolic murmur.

Blood Flow
Blood fl ow is volume fl ow per unit time (cm3/s), whereas 
velocity of blood fl ow is displacement of blood per unit time 
(cm/s).

Mathematically, V = Q/A,
where V is the velocity of blood fl ow, Q is the fl ow, and A is 
the total cross-sectional area of the blood vessel(s) through 
which the fl ow is taking place.

Resistance to Blood Flow
This is expressed in peripheral resistance units (PRU). It can be 
calculated by using Ohm’s law.

PRU =P/Q
where P is the pressure gradient and Q the blood fl ow. The 
mean aortic pressure is about 90 mm Hg, the mean venous 
pressure nearly 0 mm Hg, and the mean stroke volume is about 
90 mL/s.
 Hence PRU = 90/90
    = 1 R Unit

Characteristics of Blood Flow through Aorta, 
Arteries and Arterioles
1. Hydrostatic pressure is high.
2. Kinetic energy is relatively small as compared to potential 

energy.
3. Velocity of fl ow is relatively rapid but decreases gradually 

from aorta to arterioles.
4. Resistance offered is the maximum in the arteriolar sec-

tion, and is the main cause of diastolic pressure in systemic 
arteries.

5. Metarterioles and precapillary sphincters are richly inner-
vated by sympathetic nerves. They have high constrictor 
tone. They regulate the fl ow of blood through capillaries. 
Precapillary sphincters are also highly sensitive to PO2, 
PCO2 and hydrogen ion concentration.

6. Under normal physiological conditions, most of the capil-
laries are collapsed most of the time. Blood short circuits 
from arterioles to venules. By this route no gaseous or nutri-
ent-metabolic exchange occurs. This is satisfactory because 
normal demand of oxygen and nutrients in resting tissues 
is low. However, as and when the tissues become active 
(e.g., during muscular exercise), a decrease in PO2, and an 
increase in PCO2 and hydrogen ion concentration lead to 
dilatation of precapillary sphincters and metarterioles. In 
this way active tissues get more blood fl ow for proper gase-
ous and nutrient exchange.

CAPILLARIES
Each arteriole opens into a rich network of capillaries. Although 
the diameter of capillaries is very small (6 to 10 microns), their 
number is so large that the cross-sectional area of the capil-
lary network is enormous. If all the capillaries in the body 
were patent (which never happens), their cross-sectional area 

Fig. 3.9.3: Poiseuille’s equation. Factors affecting fl ow of a fl uid. A. Flow (Q1) when the pressure head is (P1 – P2), radius r1 and length 
L1 is ×. B. Everything else remaining the same, if the length is reduced to half, the fl ow (Q2) becomes double, i.e. 2 X. C. If the radius 
is doubled to 2r1 the fl ow (Q3) increases sixteen-fold. i.e. to 16 ×. D. If the radius is doubled and the length is also halved, the fl ow (Q4) 
increases thirty two-fold, i.e. to 32 ×.
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would be about 3000 times that of aorta. But even normally, 
the cross-sectional area of the capillary network is about 1000 
times that of aorta, about 100 times that of arteries and about 
10 times that of arterioles. The result of this enormous increase 
in surface area is a marked drop in the velocity of blood fl ow. 
Structurally, capillaries have no smooth muscle in their walls. 
They are lined by only a single layer of endothelial cells. There 
are gaps between endothelial cells to allow for exchange of 
nutrients and metabolites. Depending upon the size of gaps, 
capillaries are of three types:
a. continuous capillaries, having only pores of about 4 nm. 

Continuous capillaries are present in muscles, skin, connec-
tive tissue, etc.

b. fenestrated capillaries, having large pores which allow the 
passage of molecules having a molecular weight of upto 
69,000. Fenestrated capillaries are present in structures 
where transport is a major function, e.g. kidneys, glands, 
intestines and choroid plexus.

c. sinusoidal capillaries, having large discontinuities between 
endothelial cells. Sinusoidal capillaries are present in struc-
tures where large molecules or cells are transported, e.g. 
liver, spleen, and bone marrow.

Critical Closing Pressure
Blood, like all fl uids, fl ows from a higher pressure to a lower 
pressure. But for fl ow through capillaries, just some pressure 
gradient is not enough; the pressure gradient has to have a cer-
tain minimum magnitude. The criti cal pressure below which 
the capillaries close is called the critical closing pressure. The 
phenomenon of criti cal closing pressure seems to be due to two 
factors:
a. the diameter of capillaries is about the same as or in some 

cases even smaller than that of blood cells. Hence blood 
cells have to be squeezed through capil laries, for which 
itself some pressure gradient is required.

b. capillaries are surrounded by tissues which may exert some 
pressure on the capillaries. The pressure gradient across 
capillaries has to overcome this pressure to achieve patency 
before fl ow can take place.

Fluid Exchange Across Capillaries: 
Starling’s Hypothesis
It is of great academic as well as applied interest to understand 
the mechanism of fl uid exchange across capillaries. The fl uid 
acts as a vehicle of gases, nutrients and waste products, the 
direction of movement of which is determined largely by con-
centration gradient. But fl uid transport is governed by hydro-
static and osmotic pressures across the capillaries. It is conven-
ient to divide the forces involved into those which favor move-
ment of fl uid from the capillaries into the interstitial space 
(fi ltration) and those which favor movement in the opposite 
direction (reabsorption). It is easy to visualize that hydrostatic 
pressure in the capillaries will favor fi ltration, and hydrostatic 
pressure in the interstitial space will favor reabsorption. On the 
other hand, osmotic pressure of the interstitial fl uid will favor 
fi ltration while osmotic pressure of plasma will favor reab-
sorption. The net movement of fl uid will be determined by the 
algebraic sum of these opposing forces. At the arterial end of 

capillaries, the net force favors fi ltration. But at the venous end 
of capillaries, the net force favors reabsorption, as a result of 
which fl uid lost at the arterial end is restored to the capillaries. 
This phenomenon is known as Starling’s hypothesis because 
he was the fi rst to propose it (Fig. 3.9.4). But now it is more 
than a hypothesis; it is one of the better established processes 
in physiology. As seen in Table 3.9.2 the net force favoring fi l-
tration at the arterial end is exactly equal to the net force favor-
ing reabsorption at the venous end of capillaries.
 Although Table 3.9.2 represents an overall reality (because 
the blood volume is constant), it contains some oversimplifi ca-
tions and approximations. First, the hydrostatic and osmotic 
pressures are not exactly the same in every tissue. Secondly, 
the interstitial fl uid hydro static pressure may not be exactly 
–1 mm Hg. Most of the earlier authors gave a small posi-
tive value for this pressure. But Guyton found with improved 
techniques that the pressure was negative, and assigned it an 
average value of –6 mm Hg. This was probably an error in the 
other direction. The present consensus is that the true intersti-
tial fl uid pressure in most tissues is slightly subatmospheric, 
and any value between –5 and –1 mm Hg would be considered 
reasonable. Thirdly, the pres sures favoring fi ltration, in fact, 
slightly exceed those favouring reabsorption. The excess fl uid 
fi ltered into the interstitial space is, however, returned to the 
blood- stream by lymphatics (Fig. 3.9.4). Finally, although the 
capillaries are generally impermeable to large molecules, some 
proteins and lipids do leak out with the fl uid at the arterial end 
of capillaries, and the amount can be considerable in fenes-
trated and sinusoidal capillaries. That would make the colloid 
osmotic pressure of the interstitial fl uid higher at the venous 
end. The effects of the leakage are, however, taken care of by 
the lymphatics. Although large molecules cannot generally be 
reabsor bed by capillaries (except the sinusoidal ones), lympha-
tics can do so. Lymphatics eventually bring these large mol-
ecules along with some fl uid back to the blood stream, thereby 

Fig. 3.9.4: As a result of the interplay of blood and interstitial fl uid 
hydrostatic and colloid osmotic pressures, the net fi ltration at the 
arterial end of capillaries is only slightly more than the net reabsorption 
at the venous end. The excess fl uid fi ltered, and any protein fi ltered, 
are absorbed into lymphatics. A, arterial end of capillary;V, venous 
end of capillary.

3.9.indd   1693.9.indd   169 8/23/2010   12:04:20 PM8/23/2010   12:04:20 PM



SE
C

T
IO

N
 3

: 
C

ir
cu

la
ti

o
n

170

keeping the blood volume constant, and the interstitial space 
free of large molecules.

LYMPHATICS
Lymphatics are sometimes known as the second circu latory 
system. Structurally, lymphatics are a network of blind-ended 
thin endothelial tubes. Although the endothelial lining is not 
fenestrated, the intercellular junctions are permeable to large 
molecules. The large lymphatics have smooth muscle and elas-
tic tissue in their walls. Lymphatics are also furnished with 
valves to ensure unidirectional fl ow. All lymphatics eventually 
open into the venous system. Thus the lymphatics are directly 
connected to the main circulatory system. It may also be men-
tioned that besides forming a network in tissues, lymphatics 
also pass through lymph nodes.
 Unlike the main circulatory system, the lymphatic circu-
lation does not have a pumping organ to keep the contents 
moving. Lymph is kept in motion by the squeezing action 
of smooth muscle lining the larger lymphatics. The fl ow is 
assisted by the pumping action of skeletal muscle contraction. 
The fl ow is also facilitated by the positive abdominal pressure 
and the negative thoracic pressure so that lymph is pushed 
from the abdomen towards the thorax. The suction exerted by 
the thorax is accentuated during each inspiration.

Functions of Lymphatics
As discussed earlier, lymphatics collect proteins, lipids and 
other large molecules which leak out of capillaries into 
the interstitial space. By returning these to the circulation, 
lymphatics:
a help conserve these substances
b. restore blood volume and composition
c. prevent the osmotic pressure of interstitial space from ris-

ing, and thereby prevent abnormal accumulation of fl uid in 
the interstitial space.

 This function assumes special signifi cance in the small 
intestine where the digested lipids are absorbed into lymphatics.
 In addition, they carry large undesirable particulate matter 
as well as bacteria to the nearest lymph node where they can 
be handled by macrophages or lympho cytes. The lymphatics 
leaving the lymph nodes carry pro ducts of lymph node activ-
ity (lymphocytes and anti bodies) to the general circulation, 
thereby playing an essential role in the defence mechanisms of 
the body.

OEDEMA

Oedema is an abnormally large collection of fluid in the 
interstial space. When oedema occurs, it is most obvious in 
those parts of the body where there is an abundance of loose 
connective tissue, e.g. the abdominal wall, or in dependent 
parts of the body where gravity contributes to collection. From 
the physiology of capillaries and lymphatics, it can be deduced 
that oedema may be due to one or more of the following causes:
1. Increased fi ltration, which may be due to (see Table 3.9.2):
 a. high capillary hydrostatic pressure at arterial end1, e.g. 

in hypertension due to salt retention or hyper volemia, as 
in hyperaldosteronism,

 b. high capillary hydrostatic pressure at the venous end, 
e.g. in right heart failure, during late preg nancy due to 
pressure of uterus on inferior vena cava, or

 c. high interstitial fl uid colloid osmotic pressure, which 
may be due to leakage of abnormally large quantities 
of proteins from capillaries which occurs when capil-
lary permeability is increased, e.g. in infl am mation or 
allergy.

2. Reduced reabsorption which may be due to (see Table 
3.9.2.) low plasma colloid osmotic pressure, which may be 
due to hypoproteinemia, e.g. in protein malnutrition, liver 
disease (inadequate albumin synthesis) or renal disease 
(protein loss in urine).

3. Reduced lymphatic drainage, which allows leaked protein 
to collect in the interstitial space, and thereby indirectly 
raises interstitial fl uid colloid osmotic pressure, e.g. in 
fi lariasis, or involvement of lymph nodes in malignancy.

VEINS
Veins constitute the last segment of the vascular tree. They 
return blood to the heart after it has performed its functions 
in tissues. Structurally, veins have a large diameter but a thin 
wall, which includes a thin muscle coat. Like the arterial tree, 
the venous tree also has several segments. The venous chan-
nels that immediately follow the capillaries are called venules. 
Venules have small gaps in their endothelial lining, suggesting 
that some exchange of substances between blood and intersti-
tial fl uid may continue in venules. Venules converge to form 
small veins, many small veins join to form large veins, and so 
on, till we have the two large veins, superior vena cava and 
inferior vena cava. The number of veins is about twice as much 

Table 3.9.2: Factors affecting fl uid exchnage across capillaries

 Factors favoring fi ltration Factors favoring reabsorption Net pressure

 Capillary HP Interstitial fl uid Total pressure Interstitial space Plasma Total pressure (F–R)
  COP (F) HP COP (R)

Arterial end of capillaries 32 2 34 –1 25 24 +10
Venous end of capillaries 12 2 14 –1 25 24 –10

All values are pressure in mmHg.
HP, hydrostatic pressure; COP, colloid  osmotic pressure.

1 It may be diffi cult to understand the examples at this stage because that requires an integrated knowledge of the physiology of several systems of the 
body. If you are at a very early stage in your study of physiology, just try to get a feel of the cause of oedema. At a later stage, understanding the causes 
thoroughly will not only become possible but also an enjoyable and instructive experience.
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as the number of arteries, and the diameter of veins is also 
larger than that of corresponding segments of the arterial tree. 
Therefore, the cross-sectional area of the venous tree as well as 
the capacity of the venous tree is much greater than that of the 
arterial tree.

Pressure-Volume Relationship of Veins
The thin wall of veins, poor in elastic tissue, makes them 
highly distensible as well as collapsible. Over a fairly wide 
range, changing the volume of blood in a vein merely changes 
its degree of fullness, as shown by a change in the shape of 
its cross-section (Fig. 3.9.5). In this range, change of volume 
does not change the pressure appreciably. But once the volume 
has been increased to a level which makes the vein full and 
round, any further increase in volume raises the pressure very 
steeply. In the physiological situation, however, the veins are 
generally partially collapsed so that they can accommo date 
variations in volume without appreciable changes in venous 
pressure. In contrast, the thick musculoelastic walls of arteries 
make their pressure-volume curve more steady and continuous 
(Fig. 3.9.6).

What Keeps the Blood Flowing in the Veins
The pressure gradient from veins to the right atrium is rather 
small, and in leg veins blood fl ows against gravity. Therefore, 
it is important to consider all the factors which contribute to 
blood fl ow in the veins (Fig. 3.9.7).

1. Ventricular Contraction
Throughout the cardiovascular system, it is pressure gradi-
ent that ensures fl ow. The gradient is generated primarily by 
the pumping action of the heart. The left ventricular pumping 
action of the heart. The left ventri cular pump generates systo-
lic pressure of 120 mm Hg in the aorta. The pressure drops to 
about 10 mm Hg in small veins, about 5 mm Hg in large veins, 
and almost 0 mm Hg in the right atrium. The left ventricular 
push is the factor primarily responsible for the pressure gradi-
ent, however small. It is also known as vis a tergo (force from 
behind).

2. Suction
The pressure gradient generated by the left ventricular contrac-
tion is accentuated by forces which suck blood towards the 
right atrium. The suction forces are:
a. negative intrathoracic pressure, which is more nega tive dur-

ing inspiration; and
b. rapid fl ow blood from the atria into the ventricles during 

early diastole creates a suction force which draws blood 
towards the atria.

 Both these suction forces pull blood, and are therefore also 
known as vis a fronte (force from front).

3. Gravity
Gravity assists blood fl ow in head and neck veins, keeping 
venous pressure near zero in this region in the erect posture 
throughout the cardiac cycle. That is why neck veins cannot be 
seen when the head is erect. But on lying down, venous pres-
sure in the head and neck rises, neck veins become prominent, 

and show pressure variations similar to those in the right 
atrium.

4. Muscle Pump
While gravity assists fl ow in the neck veins, it hinders fl ow 
in the limb veins. Flow in the limb veins is assisted by fre-
quent contraction of skeletal muscles of the leg. This contrac-
tion squeezes the veins and milks the blood upwards. That is 
why, if a person stands still for long, the blood tends to pool 
in the leg veins, ankle edema may occur, and moving the legs 
gives relief. Those who stand still for long periods of time, e.g. 
watchmen and policemen, carry the risk of poor blood fl ow 
from leg veins, which may eventually lead to varicose veins.

5. Positive Abdominal Pressure
Like the muscle pump, positive abdominal pressure also squee-
zes the abdominal veins promoting venous blood fl ow.

6. Valves
Limb veins have valves which ensure one way fl ow. Hence 
if the muscle pump squeezes blood through the veins some 

Fig. 3.9.5: Pressure-volume relationship in the veins. Observe the 
change in the shape of the cross section in the initial portion of the 
curve where increasing volume can be accommodated without any 
increase in pressure.

Fig. 3.9.6: Pressure-volume relationship in arteries.
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distance, the blood cannot go back when the muscles relax. 
That is why incompetent valves may lead to varicose veins in 
the legs.

Functions of Veins
Veins are more than conduits for returning blood to the heart. 
Their large number and cross sectional area gives them an 
enormous capacity to hold blood. Most of the time, veins hold 
more than half the blood volume (Fig. 3.9.8). That is why veins 
are known as capacitance ves sels. Further, the great distensibil-
ity of veins makes their capa city adjustable. In times of need, a 
considerable amount of blood can be squeezed from the veins 
to areas where it may be needed. Removing blood from veins 
merely makes their cross section more fl at without any signifi -
cant alteration in pressure. Since the pressure does not change, 
the hemodynamics remain undisturbed. This type of mobiliza-
tion of blood from veins may be required after haemorrhage, 
or in situations when blood fl ow through a larger region of 
the body increases markedly, as in exercise. The capacity of 
veins is altered in keeping with the requirements of the body 
by changes in the tone of smooth muscle lining their walls. The 
venous tone is subject to neurohumoral regulation. Thus the 
veins are also full fl edged participants in regulation of cardio-
vascular function, which will be discussed in Chapter 3.10.

QUESTIONS AND PROBLEMS
1. What is the genesis of Korotkow’s sounds heard during 

measurement of blood pressure?
2. In spite of being so thin, why don’t the capillaries normally 

rupture?
3. What is the difference between plasma osmotic pressure 

and plasma colloid osmotic pressure?

4. Why is an injury to the jugular vein in the neck 
life-threatening?

5. Why is injury to subdural venous sinuses dangerous?

ANSWERS AND SOLUTIONS
1. When the pressure cuff around the arm is at a pressure 

between systolic and diastolic, blood fl ows through the 
arteries beyond the cuff with every systole at a high veloc-
ity. The high velocity is because of the squeezing effect, as 
seen in the garden water hose when its tip is squeezed. High 
velocity raises Reynold’s number above 2000, producing 
turbulent fl ow. Turbulent fl ow results in sounds heard as 
Korotkow’s sounds.

2. Capillaries normally do not rupture because according to 
LaPlace’s law, Tension = Pressure × Radius

 The hydrostatic pressure in capillaries is low and the radius 
is also very small. Hence the tension in the walls is very low. 
That is why capillary integrity is normally not disturbed.

3. Plasma osmotic pressure is due to all substances dissolved 
in it, and is about 5000 mm Hg. Osmotic pressure depends 
upon the number of molecules present. Hence small molec-
ular weight substances like electrolytes contribute much 
more to osmotic pressure than large molecular weight 
substances such as proteins. Electrolytes and other small 
molecular weight substances are crystalloids; hence their 
osmotic pressure is also called crystalloid osmotic pres-
sure. Proteins are colloidal substances; hence their osmotic 
pressure is also called colloid osmotic pressure. The con-
tribution of colloid osmotic pressure to osmotic pressure 
is only 25 mm Hg. The reason why this 25 mm Hg rather 
than the total 5000 mm Hg is important while consider-
ing fl uid exchange across capillaries is that the electrolyte 
composition of plasma is essentially the same as that of the 
interstitial fl uid. Therefore, the only difference between the 
interstitial fl uid osmotic pressure and the plasma osmotic 
pressure which can exert an infl uence on fl uid exchange is 
the additional 25 mm Hg osmotic pressure of plasma due 
to plasma proteins. The situation may be summarized as 
shown in Table 3.9.3.

4. Jugular vein is directly under the infl uence of the suction 
force of the negative intrathoracic pressure. Therefore, 
if there is an injury to the jugular vein, air is likely to be 
sucked in. The sucked in air travels with the blood to the 
right atrium, right ventricle and pulmonary vessels. Bubbles 

Fig. 3.9.7: Factors which are responsible for fl ow of blood through 
the veins. 1. Left ventricular contraction. 2. Negative intrathoracic 
pressure. 3. Gravity 4. Muscle pump. 5. Positive abdominal pressure. 
6. Venous valves. LV, left ventricle; g, gravity; RA, right atrium.

Fig. 3.9.8: Distribution of blood volume in different compartments of 
the cardiovascular system. Note that veins accommodate more than 
half the blood volume.
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5. Subdural venous sinuses have thick, noncollapsible bony 
boundaries. Therefore, gravity and suction force of the 
negative intrathoracic pressure together produce a nega-
tive pressure in the subdural sinuses. Therefore, an injury to 
these venous sinuses is also likely to result in air embolism 
just like an injury to the jugular vein. An injury to the sub-
dural venous sinuses is a risk associated with neurosurgical 
procedures.

Table 3.9.3: Osmotic pressure of different fl uid 
compartments

  Osmotic pressure (mm Hg)

 Crystalloid Colloid Total

Plasma 5500 25 5525
Interstitial fl uid 5500 0 5500

of air may block pulmonary gas exchange leading to sud-
den shortness of breath and even death. The phenomenon is 
known as air embolism.
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3.10
Regulation of 

Cardiovascular Function

The functions of cardiovascular system are to deliver oxygen 
and nutrients to tissues, to carry carbon dioxide and waste 
products away from tissues, to carry deoxy genated blood to 
the lungs, and to bring oxygenated blood back to the heart. The 
rate at which these func tions need to be performed differs with 
the level of acti vity of the body, which is subject to continual 
and marked changes. Hence cardiovascular function also needs 
continual regulation in order to keep it at a level appro priate for 
the requirements of the body. Both the heart and blood vessels 
need to be regulated, and the task is accomplished by neural, 
humoral and local regulatory factors. All these components of 
regulation are inter related, but for convenience they shall be 
discussed piecemeal following an arbitrary scheme.

INNERVATION OF THE CARDIOVASCULAR 
SYSTEM

Heart and the blood vessels are richly innervated by the auto-
nomic nerves.

Heart
Both sympathetic and parasympathetic nerves, supply the 
heart. (Fig. 3.10.1) Parasympathetic nerve supply to the 
heart is derived from both (right and left) vagi (Xth cranial 
nerve). Parasympathetic nerves do not supply the ventricles. 
Sympathetic nerve supply to the heart is through pregan glionic 
neurons located in the inter medio  lateral column cells of the 
1st to 4th thoracic spinal segments. The postganglionic sym-
pathetic fi bers arise from superior, middle and inferior cervical 
ganglia.

Blood Vessels
The arterial system and the venous system are mainly sup-
plied by sympathetic nerves which arise from inter mediolateral 
column cells located in the thora colum bar segments of the 
spinal cord. Stimulation of sympathetic nerves to blood vessels 
results in release of noradrenaline at the postganglionic nerve 
endings and consequent vasoconstriction. The tonic vasocon-
striction seen in arterial system is mainly due to these fi bers. 
Para sympa thetic nerves supply only the blood vessels of sali-
vary glands, pancreas and genital organs. Stimulation of these 

Fig. 3.10.1: Diagrammatic representation of the nerve supply of the 
heart. The superior, middle and inferior cervical ganglia also receive 
their preganglionic input from the thoracic spinal segments. SA, 
sinoatrial node; AV, atrioventricular node; S, M and I, superior, middle 
and inferior cervical ganglia; T1-T5, fi rst through fi fth thoracic spinal 
segments; RA, right atrium; RV, right ventricle; LA, left atrium; LV, 
left ventricle; C, coronary arteries.

para sympathetic nerves results in vasodilation. Sympathetic 
cholinergic fi bres are specialized sympathetic fi bers which 
release acetylcholine as the neurotransmitter at postgan glionic 
nerve endings. These fi bers supply only the blood vessels of 
skeletal muscles. Stimulation of sympathetic cholinergic fi bres 
produces vasodilation.
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NEURAL REGULATION OF CARDIOVASCULAR 
FUNCTION

The function of heart is to pump blood, which is mea sured as 
cardiac output. Cardiac output is the product of stroke volume 
and heart rate. Regulation of stroke volume has been discussed 
earlier (Chapter 3.8). Therefore only the regulation of heart 
rate will be discussed here.

Regulation of Heart Rate
Stimulation of vagus, the parasympathetic nerve supply ing the 
heart, decreases the heart rate. On the other hand, stimulation 
of the sympathetic nerves supplying the heart increases the 
heart rate. The effect of removing these infl uences is even more 
interesting. The infl uences may be removed surgically by sev-
ering the concerned nerves, or by using chemicals which block 
the action of these nerves. In a resting heart, blocking the vagus 
nerve increases the heart rate, but blocking the sympathetic 
nerves has no appreciable effect on the heart rate. Blocking 
both the vagus and sympathetic infl uences also increases the 
heart rate, nearly to the same extent as blocking the vagus 
alone. Think, and try to interpret these observations before you 
read any further. The customary conclusion drawn from these 
obser vations is that the vagus is ‘spontaneously’ active in a 
resting heart, keeping it low. The usual way to express this is 
that the resting heart is under a vagal tone.
 Cardiac efferent fi bers of the vagus nerve have their cell 
bodies in the dorsal motor nucleus (DMN) of the vagus nerve, 
which is a part of the nucleus ambiguus. Since stimulation of 
DMN reduces the heart rate, it is also known as the cardioin-
hibitory centre. DMN is under cortical and limbic infl uences, 
and also interacts with cardiovascular refl exes discussed later 
in this chapter under regulation of blood vessels.
 Comparable to the cardioinhibitory centre, there is also a 
cardio-acceleratory region in the brainstem, the stimu lation of 
which increases the heart rate. The cardio-acceleratory region 
is a part of the vasomotor centre (see below).
 Although both cardioinhibitory and cardioaccele ratory 
mechanisms are available, the predominant control of heart 
rate is by modulation of cardioinhibitory mechanisms.

Regulation of Blood Vessels
Regulation of blood vessels chiefl y entails control of the diam-
eter of arterioles and precapillary sphincters (which determines 
peripheral resistance), and control of venous tone (which 
determines distribution of blood volume). Although both vaso-
constrictor and vasodilator mecha nisms are available, the pre-
dominant neural control of vascu lar tone is by modulation of 
vasoconstrictor mecha nisms.

Vasomotor Centre
As the name indicates, this centre exerts motor (efferent) con-
trol on blood vessels. It is situated in the lower one third of 
pons and in the reticular formation of medulla at the fl oor of 
the fourth ventricle. Stimulation of the rostral and lateral por-
tion of vasomotor centre leads to a rise in blood pressure and 
heart rate. This region is known as ‘pressor’ area (Fig. 3.10.2). 
Stimulation of the central and medial portion of vasomotor 

centre, near the obex, causes a fall in blood pressure. This 
region is known as ‘depressor area’. Neurons of the region 
which increase heart rate are sometiems referred to as the 
“Cardio-acceleratory area.”
 Although the vasomotor centre (VMC) has pressor, depres-
sor and cardio-acceleratory areas, the pressor area which main-
tains the vasoconstrictor tone throughout the body is the best 
studied area. Therefore VMC is frequen tly used synonymously 
with this area.
 Vasomotor centre receives afferent fi bers from the cerebral 
cortex, both directly and via the limbic system. Cerebral cortex 
is concerned with conscious, voluntary functions, while limbic 
system is intimately associated with emotions and involun-
tary, refl ex actions. These connec tions explain why the mere 
thought of voluntary actions, such as exercise, and emotional 
disturbances as well as several refl exes, bring about changes in 
blood pressure and heart rate. Some other mesencephalic and 
dience phalic structures, and also the cerebellum infl u ence the 
vasomotor centre.
 Efferent fi bers from the vasomotor centres project to tho-
raco-lumbar preganglionic sympathetic neurons. Preganglionic 
fi bers relay in superior, middle and infe rior-cervical ganglia. 
The postganglionic fi bers supply the heart as well as all the 
blood vessels of the body except the capillaries and small 
venules.
 It has been observed that if the brain of an anesthe tized 
animal is sectioned at the level of the lower pons, just rostral to 
the VMC, the blood pressure falls. If the section is made at the 
level of the obex, i.e. just caudal to the VMC, the fall in blood 

Fig. 3.10.2: The major areas of the medulla oblongata which regulate 
cardiovascular function. Although stimulation of the labelled areas 
produces predominantly the effect suggested by their names, there is 
no strict demarcation between areas. PA, pressor area; DA, depressor 
area; NA, nucleus ambiguus; VMC, vasomotor centre.
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The Heart to Heart Stuff

It was the Easter Sunday night in 1921. Otto Loewi, then 
Professor of Pharmacology at Graz, got out of bed to scrib-
ble the plan of an experiment. Next morning, he neither 
remembered the plan, nor could he read his sleepy scrawl. 
One can imagine what a restless Monday he had. On Monday 
night, his thoughts presumably continued to scan his brain 
for the lost idea, and the search was fruitful. He woke up 
around three in the morning, and instead of risking another 
sleepy note, he proceeded to the lab to perform the experi-
ment. By 5 a.m. on Tuesday, he had made a discovery(1).
 His experiment, well known to medical scientists, was 
briefl y as follows. He stimulated the vagus nerve of an iso-
lated frog heart, which inhibited the heart beat. Then he 
transferred the Ringer solution from the heart to another 
isolated heart. This step inhibited the heart beat of the 
second heart as well. He proposed that vagal stimulation 
led to the release of a chemical which inhibited the heart. 
He tentatively named the chemical ‘vagusstoff, or vagus 
substance. His subsequent experiments, performed with 
his colleague, E. Navratil, employed physostigmine, and led 
to the identifi cation of vagus substance with acetylcholine. 
The importance of the discovery lay in that it was the fi rst 
conclusive demonstration that nerves mediated their effect 
through the release of a chemical substance.
 Otto Loewi was born in 1873 at Frankfurt. As a medical 
student, he missed many medical lectures to attend those 

at the philosophical faculty(2). Soon after graduation, he 
worked as a clinician. But the high mortality of patients with 
tuberculosis and pneumonia due to limitations of medical 
knowledge prompted him to switch over to basic medical 
sciences. Besides cardiac physiology, he also made signifi cant 
contributions to nutritional and renal physiology. Although 
he discovered vagusstoff in 1921, he received the Nobel 
Prize only in 1936, which he shared with his lifelong friend, 
Sir Henry Dale. Soon after that, in the evening of his career, 
he was the victim of the German invasion of Austria in 1938. 
He was forced to leave, and compelled to transfer the Nobel 
Prize money to a Nazi-controlled bank. After spending some 
time in Brussels and then Oxford, he fi nally settled in USA 
in 1940 as Research Professor of Pharmacology in George 
Wallace’s lab at New York University. His eventful life came 
to an end in 1961. On the 30th anniversary of his death, 
and the 70th anniversary of his discovery, we are proud to 
pay him a tribute with a quotation from Tom Wolfe: “The 
inventor needs only one thing, which is as free as the air: a 
terrifi c idea”.

References
1. Singer C, Underwood EA. A Short History of Medicine. 

Oxford: Clarendon, 2nd Edition, 1962: 568.
2. Nobel Lectures. Physiology or medicine. 1922-1941. 

Amsterdam : Elsevier, 1965: 430.

Reprinted from the Editorial, Indian J Physiol Pharmacol 1991;35:1. Courtesy: The Editor, Indian Journal of Physio logy and 
Pharmacology.

pressure is more profound. Before you read further, try to 
interpret these obser vations. The usual interpretation for these 
observations is that the VMC is being tonically stimulated by 
higher centres. Withdrawal of this infl uence reduces the activ-
ity of the pressor area leading to a fall in blood pressure. But 
the VMC still retains some inherent tone after the fi rst section. 
The second section removes also this tonic infl uence from the 
blood vessels, leading to further vasodilation.
 Tonic activity of the vasomotor centre maintains a vaso-
constrictor tone in the blood vessels through activation of sym-
pathetic vasoconstrictor nerves.
 Regulation of VMC tone. VMC tone is subject to regu latory 
infl uences through refl exes originating in various parts of the 
body. These refl exes are designed to achieve homeostasis in 
the face of changes in bodily activity or environment, external 
or internal. Some of the better studied refl exes are discussed 
below.

Baroreceptor Refl ex
Baroreceptors are mechanoreceptors situated in the following 
regions:

a. Carotid sinus. At the bifurcation of the common carotid 
arteries, the root of internal carotid artery shows a little 
bulge, which is known as carotid sinus. Carotid sinus has 
stretch receptors in the adventitia, which are sensitive to 
arterial pressure fl uctuations. Afferent nerves from these 
stretch receptors travel in the carotid sinus nerve, which is a 
branch of the glossopharyngeal nerve (IXth cranial nerve).

b. Aortic arch. In the adventitia of the arch of aorta also 
baroreceptors are present. They have functional character-
istics similar to the carotid sinus receptors. However, their 
afferent nerve fi bers travel in the aortic nerve, which is a 
branch of the vagus nerve (Xth cranial nerve).

 Baroreceptors are highly sensitive to any change in mean 
blood pressure,1 or pulse pressure.2 Sinoaortic nerves3 nor-
mally discharge rhythmically, synchronous with the pres-
sure fl uctuations during systole and diastole. They respond to 
blood pressure changes between 70 mm Hg and 150 mm Hg 
by altered frequency of discharge (Fig. 3.10.3). The afferent 
sinoaortic nerve fi bers stimulate the depressor area of vasomo-
tor centre. The transmitter released by these afferents is gluta-
mate. Depressor area projects, via inhibitory interneurons, 

1 Mean blood pressure = Diastolic blood pressure + 1/3 pulse pressure.
2 Pulse pressure = Systolic pressure – Diastolic pressure.
3  ’Sino-aortic nerves’ implies the carotid sinus nerve and the aortic nerve. Since activity in these nerves varies in a parallel fashion, they are commonly 
referred to as ‘sino-aortic nerves’.
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Fig. 3.10.3: Sensitivity of carotid sinus baroreceptors, as indicated 
by carotid sinus nerve activity. The frequency of impulses in carotid 
sinus nerve fi bres changes maximally with increase in carotid sinus 
pressure in the range of 70-150 mm Hg.

consequently an incre ase in blood pressure. Simultaneously, 
the DMN of vagus is also inhibited, increasing the heart rate, 
and conse quently stroke volume and eventually blood pres-
sure. Thus the fall in blood pressure due to change of posture 
is very brief. Baroreceptors are the most important mechanism 
for short term regulation of blood pressure in the range of 70 to 
150 mmHg.

Cardiac Refl exes
Several regulatory cardiovascular refl exes originate in recep-
tors located in the heart. These receptors have been extensively 
studied by the eminent Indian physiologist, A.S. Paintal. Most 
of the cardiac receptors (Table 3.10.1) are mechanoreceptors 
located in atria.
 One group of atrial receptors, type A, are strategically 
located at the site where venous blood fl ows into the right 
atrium. More the venous return, stronger the atrial contraction, 
and greater the stimulation of the atrial type A receptors. The 
refl ex response is tachycardia, which is helpful in dealing with 
the increased venous return.
 Type B atrial receptors are also located at the same site as 
type A receptors and are therefore admirably situated for sam-
pling the venous return. But they respond to the gradual build 
up of atrial pressure during atrial fi lling (v wave). The response 
to increased venous return is tachycardia, as in case of type A 
receptors.
 Increased venous return leading to tachycardia was an 
effect known for a long time as Bainbridge effect or Bainbridge 
refl ex, and atrial type A and type B receptors may provide an 
explanation for it.5

 Atria also have mechanoreceptors which respond to 
changes in plasma volume. These receptors are located at a 
site suitable for sampling the volume of blood enter ing the left 
atrium. When the blood volume is increased, these receptors 
are stimulated, and respond by suppres sing thirst and ADH 
release. Suppression of ADH release increases the urinary 
volume (diuresis). Increased urinary loss of water and reduced 
intake of water are helpful in bringing the blood volume back 
to normal.6

 Finally, there are some ventricular receptors which are still 
in search of a defi nitive physiological function. They can be 
stimulated experimentally in many ways, including injection 
of some drugs into the coronary arteries or left ventricle. The 
response, apnea, brady cardia and hypotension, constitutes the 
Bezold-Jarisch refl ex. These receptors may be stimulated by 
some sub stan ces released by the damaged heart during myocar-
dial infarction, and may be responsible for the brady cardia and 
hypotension often associated with myocardial infarction. This 
may be nature’s way of providing rest to the diseased heart so 
that it can heal better.

4 There is some evidence now that baroreceptors may have a role in long-term regulation of blood pressure. Baroreceptor sensitivity seems to be reduced 
in persons having essential hypertension. The sensitivity, and the blood pressure, are restored to normal by some yogic practices.
5 The other explanation which has been commonly offered for Bainbridge refl ex is that increased venous return leads to stretching of the SA node, 
thereby increasing its discharge rate, and hence the increase in heart rate.
6 This response illustrates the coordinated working of the neural and endocrine systems. In contrast with the response to right atrial type A and type B 
receptor response (tachycardia), it also illustrates a general principle that neural responses are quick and offer an immediate solution while endocrine 
responses take some time but usually provide a more durable and radical adjustment.

to the ‘pressor area’ of VMC. Inhibition of the pressor area 
reduces the normal sympathetic vasoconstrictor tone, leading 
to vasodilation (Fig. 3.10.4 and 3.10.5). Vaso dilation brings 
down the blood pressure, thereby helping restore homeostasis. 
Stimulation of baro receptors also refl exly stimulates the DMN 
of vagus nerve, which decreases the heart rate. Reduction in 
heart rate reduces the cardiac output, which also reduces blood 
pressure. Thus the baroreceptor refl ex, which is triggered by 
an increase in blood pressure, leads to a fall in blood pressure 
by an action on blood vessels as well as heart. Thus normalcy 
is restored, and the stimulus for the refl ex disappears. This is a 
typical negative feedback loop.
 If the body has such an effi cient mechanism for keeping the 
blood pressure normal, you may wonder how so many people 
suffer from high blood pressure. That is possible because 
baroreceptors are rapidly adapt ing receptors. If there is a per-
sistent elevation of blood pressure, they do not respond by 
an increased discharge frequency. Therefore, they are useful 
for restoring blood pressure only when there is a transient 
change.4

 When blood pressure falls, for instance while chan-
ging the posture from lying down to standing, reverse 
changes take place. When a person stands up, his blood 
is pooled in the veins of lower limbs by the effect of
gravity. Venous return decreases, which causes a fall in stroke 
volume. Hence the systolic blood pressure falls. As a result, the 
discharge rate of baroreceptors decreases leading to a decrease 
in the inhibitory infl uence on the pressor area of VMC. Hence 
vasomotor tone increases, leading to vasoconstriction, and 
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Fig. 3.10.4: Carotid sinus refl ex. Raising the carotid sinus pressure leads to a fall in arterial blood pressure and a fall in respiratory rate. 
Based on an experiment on an anaesthetized dog. The arterial blood pressure was recorded from the femoral artery. (Courtesy: Depart-
ment of Physiology, AIIMS).

Fig. 3.10.5: Carotid sinus refl ex. Lowering the carotid sinus pressure leads to a rise in arterial blood pressure. Based on an experiment on 
an anaesthetized dog. CSP, carotid sinus pressure; FABP, femoral artery blood pressure. (Courtesy: Department of Physiology, AIIMS).

J-Receptor Refl ex
J-receptor is a convenient term for juxta-pulmonary capil-
lary receptors, which were discovered by A.S. Paintal. As 
their name indicates, these receptors are situated in the col-
lagen tissues of the lungs adjacent to the pulmonary capillar-
ies. Because of their location they are stimulated by increased 
pressure in the lung interstitial space which lies between the 
alveolar lining and pul monary capillaries. Increased lung inter-
stitial space pressure may result from increased pulmonary 

arterial pressure. In the lungs, collagen fi bers in the interstitial 
space act as a sponge. Hence, considerable amount of excess 
fl uid escaping into the interstitial space can be absorbed before 
pulmonary edema takes place. J-receptors are innervated by 
unmyelinated vagal afferents (C type of fi bers). Stimulation 
of J-receptors produces refl ex bradycardia, hypotension and 
apnea. This refl ex may have considerable signifi cance during 
muscular exercise, specially at high altitude. J-receptors have 
been discussed in greater detail in Chapter 4.5.
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Chemoreceptor Refl ex
Chemoreceptors are situated in the carotid body at the bifurca-
tion of the common carotid artery, and in the aortic body in 
the aortic arch. Afferent nerve fi bers from the carotid body 
travel in the carotid sinus nerve, which is a branch of glos-
sopharyngeal nerve (IX cranial nerve). Aortic body is inner-
vated by the aortic nerve, which is a branch of the vagus (X 
cranial nerve). Chemoreceptors have a very rich blood supply, 
which makes them ideal for sampling chemical changes in the 
blood. Chemo receptors are sensitive to the decreased PO2, 
increased PCO2 and increased hydrogen ion concentration in 
the plasma. Stimulation of chemoreceptors leads to a refl ex 
increase in vasomotor tone, which causes generalized vasocon-
striction and hence a rise in blood pressure. The direct effect of 
chemoreceptor stimulation on heart rate is to produce brady-
cardia. But often the response actually observed is tachycardia 
due to the effects of pulmonary stretch receptors on respiration. 
Chemo receptor mecha nism is important in regulation of blood 
pressure when it falls below the range in which baroreceptors 
act. With a fall in blood pressure below 70 mm Hg barorecep-
tor activity does not change further. But at such low levels of 
blood pressure, tissue perfusion suffers. Hence metabolic prod-
ucts such as carbon dioxide and hydrogen ions accumulate, and 
tissue hypoxia develops. These factors lead to blood changes 
which stimulate chemo receptors. Stimulation of chemo-
receptors tends to bring the blood pressure back to normal as 
discussed above. Chemoreceptor refl ex plays a signifi cant role 
in regulation of blood pressure follow ing hemorrhage. It plays 
an even more important role in regulation of respiration, as dis-
cussed in Chapter 4.5.

CNS Ischemic Response
Chemoreceptor refl ex is useful in regulation of blood pres-
sure when it falls to a level between 40 and 70 mm Hg. But 
if the blood pressure falls below 40 mm Hg, the last ray of 

hope for survival is the central nervous system (CNS) ischemic 
response. As the name indicates, it is evoked by ischemia 
(poor blood fl ow) of the central nervous system. CNS ischemia 
reduces blood fl ow to the vasomotor centre (VMC). Reduction 
in blood fl ow to the VMC leads to reduced PO2 and elevated 
PCO2 in the medullary region. Both these factors stimulate the 
VMC directly, leading to vasoconstriction and conse quently 
rise in blood pressure.
 Consideration of the above reflexes illustrates how 
the body can sense (a) fluctuations in blood pressure in 
different range, (b) causes of blood pressure fluctu ations 
such as blood volume changes, and (c) the meta bolic conse-
quences of blood pressure fl uctuations. The detec tion of these 
changes by appropriate receptors triggers refl exes which tend 
to correct these changes. VMC plays a central role in immedi-
ate and short term correction by adjusting the smooth muscle 
tone of blood vessels. However, there are several neural 
mechanisms other than VMC which infl uence vascular smooth 
muscle in an opposite direction, i.e. relaxation, resulting in 
vasodi lation. Some of these vasodilator mechanisms are dis-
cussed below.

1. Sympathetic Cholinergic Nerves
Although sympathetic nerves are generally adrenergic, there 
are some sympathetic cholinergic nerves which supply skel-
etal muscle. The postganglionic fi bre termi nals of these nerves 
release acetylcholine. Acetyl choline is a vasodilator substance. 
These fi bres, which are free of VMC control, have a specifi c 
role in increasing skeletal muscle blood fl ow during exer-
cise. This mechanism has been discussed in greater detail in 
Chapter 11.8.

2. Sympathetic Adrenergic Vasodilator Fibres
Sympathetic adrenergic fi bres also have a vasodilator function 
in tissues in which blood vessels have beta adrener gic recep-

Table 3.10.1: Refl exes originating in cardiac receptors1

 Location Afferent fi bers Adequate stimulus Response

Atrial type A Junction of right atrium Myelinated vagal Increase in venous Tachycardia
stretch receptors and vena cava afferents return. Discharge
   during ‘a’ wave
Atrial type B stretch Junction of right atrium Myelinated vagal Increase in venous Tachycardia
receptors and vena cava afferents return. Discharge
   during ‘v’ wave
Atrial volume Junction of pulmonary Myelinated vagal Distension of left Diuresis by:
receptors vein and left afferents atrium a) Inhibition of ADH release
 atrium   b) Release of atrial natriuretic
     peptide.
Atrial Both atria and inter- Unmyelinated Rise in atrial Decreased vasomotor
receptors atrial septum vagal afferents pressure tone in renal
    vasculature
Ventricular receptors Left ventricle Unmyelinated vagal Unknown, but may be Apnoea, bradycardia
  afferents stimulated by injection and hypotension
   of phenyl diguanide (Bezold-Jarisch refl ex)
   or veratridine into
   coronary arteries or
   left ventricle

1 The student is strongly urged to consult this table only in conjunction with the text.
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tors. Such regions in the body are the coronary arteries, skeletal 
muscles, salivary glands and liver.

3. Parasympathetic Nerves
Parasympathetic cholinergic nerves supply salivary glands and 
genitalia.

4. Axon Refl ex
This is not a classical refl ex in that the central nervous system 
is not involved in its pathway. The response is provoked by an 
injury to the skin, and consists of vaso dilation. The pathway is 
as shown in Figure 3.10.6, and involves antidromic conduction 
(conduction in opposite direction) in a nerve fi bre.
 The overall neural control of cardiovascular function has 
been summarized in Figure 3.10.7.

CHEMICAL AND HORMONAL CONTROL OF 
CARDIOVASCULAR FUNCTION

Various hormones, chemicals, and other factors such as tem-
perature, act on the cardiovascular system and parti ci pate in 
regulation of its function. Neural control adjusts circulation 
through quick, short-lasting responses. Although chemical and 
hormonal changes start at a slow pace, they generally have 
long-lasting infl uences on cardiovascular function. Depending 
on the nature of action of these substances, they are classifi ed 
into two groups:
1. Vasoconstrictors
2. Vasodilators.

Vasoconstrictors

1. Noradrenaline and Adrenaline

These are catecholamines secreted by adrenal medulla and 
sympathetic nerve endings. They produce vasocons triction 
except in blood vessels which have beta adrener gic receptors.

2. Antidiuretic Hormone
ADH is a potent vasoconstrictor if given in pharmaco logical 
doses. Physiologically it has no signifi cant effect on blood 
vessels, but it may help increase blood pressure indirectly by 
increasing the blood volume.

3. Angiotension II
Angiotensin II is a very potent vasoconstrictor formed in the 
plasma through a chain reaction. The chain is triggered by a 
substance, renin, released from kidneys. Renin is released from 
kidneys in response to renal ischemia, which may be due to 
a fall in blood pressure. The chain of reactions culminating 
in the formation of Angiotensin II is shown in (Fig. 3.10.8). 
Angiotensin is not only a powerful constrictor but also releases 
aldo sterone from the adrenal cortex and acts on the brain to 
create the sensation of thirst.
 All the three actions of angiotensin II work towards raising 
blood pressure (Fig. 3.10.9).

Fig. 3.10.6: Axon refl ex. The neural pathway is indicated by the 
arrows.

Fig. 3.10.7: The overall neural control of cardiovascular function. 
Higher neural control is superimposed on the medullary cardio-
vascular areas illustrated in Figure 3.10.2. The infl uence is ultimately 
mediated to the target structures by autonomic nerves. The direct 
inhibitory infl uence of neurons of the depressor area on the sym pathe-
tic outfl ow from the thoraco-lumbar spinal cord is controversial, and 
has therefore been shown by a dotted line. VMC, vasomotor centre; 
G, sympathetic ganglion; NA, noradrenaline; ACh, acetylcholine.
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4. Endothelins

As the name suggests, endothelins are derived from the 
endothelium of blood vessels. Endothelial cells release 
endothelins in response to hypoxia, shear stress, or some hor-
mones such as angiotensin II and catecholamines. Endothelins 
(ET) are extremely potent vasoconstrictor agents. In fact, 
one of them, ET-1, is the most potent vasoconstrictor known. 
Circulating levels of ET are extremely low, indicating that their 
actions are primarily paracrine or autocrine.
 Paracrine action: ET act on vascular smooth muscle via two 
types of receptors, ETA and ETB. Both these receptors belong 
to the family of G-protein-coupled receptors (Chapter 9.1). The 
end result of the action is increased calcium concentration in 
the smooth muscle cells, leading to vasoconstriction.
 Autocrine action: ET also act on the endothelial cells 
which produce them. This autocrine action is mediated by 
ETB receptors, and results in the production of endothelium-
derived relaxation factor (EDRF), which is now considered 

synonymous with nitric oxide (see below). As the name indi-
cates, EDRF leads to vasodila tation. Thus there is an in-built 
check on the degree of vasoconstriction that the ET can bring 
about.

5. Thyroxine
Thyroxine increases the beta receptor activity of heart and 
activates the sympathetic nervous system. That is why tach-
ycardia and high blood pressure are commonly seen in 
hyperthyroidism.

6. Serotonin
Platelets liberate serotonin at the site of tissue injury. Serotonin 
brings about constriction of small arteries locally, thereby 
checking the bleeding.

7. Cold
Exposure to cold causes severe vasospasm which is best seen 
in skin circulation, and is the cause of frostbite. This is a local 
protective mechanism which shields the body from cold envi-
ronment. Cutaneous vasoconstriction improves the insulation 
provided by the skin, and thereby helps in maintaining the core 
temperature.

Vasodilators
Generalized systemic vasodilation due to hormones or other 
chemicals does not occur physiologically. But vasodila tors 
play a very important role in local blood fl ow adjustments in 
various parts of the body. These local blood fl ow regulations 
may eventually have generalized effects on cardiovascular 
dynamics.

1. Changes in Respiratory Gas Tension
Increased PCO2 or decreased PO2 locally produce vaso dilation. 
However, systemic changes of the same type produce vaso-
constriction through chemoreceptor stimulation as discussed 
above.

2. Kinins
Kinins are a group of peptides which are formed in the blood or 
tissues and act as local hormones. They produce local vasodila-
tion, but in disease conditions, or when given pharmacologi-
cally, may produce generalized vasodilation. They circulate in 
an inactive form as kininogens, and get activated by a series of 
enzyme systems to form kinins.
 There are three major kinins found in man:
a. Bradykinin, present in blood
b. Lysyl-bradykinin, present in tissues
c. Methionyl-lysyl-bradykinin, present in the urine.
 Kininogens are either high or low molecular weight sub-
strates present in blood and in tissues. They are activated by 
the enzymes kallikreins through a series of reactions shown 
in Figure 3.10.10. Tissue kallikreins are formed in salivary 
glands, pancreas, kidneys, sweat glands and intestines.
 The profound vasodilation seen in salivary glands during 
cephalic and oral phase of food intake, in pan creas during pan-
creatic secretion, and in sweat glands, are due to the release 
of kinins. Kinins are produced in large amount during the 

Fig. 3.10.8: Chain of events leading to the formation of angiotensin II.

Fig. 3.10.9: Actions of angiotensin II.
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oxide has emerged as the major endo genous vasodilator, 
mediating the effect of at least acetylcholine, bradykinin and 
endothelins (Fig. 3.10.11). Thus nitric oxide acts as a medium 
of communication, helping smooth muscle cells receive 
messages from endothelium, nerve endings and humoral 
agents.
 In this chapter, we have tried to bring together at one place 
the major known regulators of cardiovascular function. Even 
from this far-from-exhaustive treatment, the complexity of the 
regulatory mechanisms is quite apparent. It is the interplay of 
various factors which makes cardiovascular function keep pace 
with fl uctu ations in metabolic needs.

QUESTION AND PROBLEM
1. What is phospholamban?

ANSWER AND SOLUTION
1. Phospholamban is a protein constituent of the sarcoplasmic 

reticulum of cardiac muscle. Its phosphorylation is respon-
sible for calcium uptake from the sarcoplasm, and conse-
quent relaxation of the muscle. Beta adrenergic stimulation 
of the heart not only increases the rate of cardiac muscle 
contraction but also that of relaxation. The increased rate 
of contraction is due to the increase in calcium infl ux con-
sequent upon the cAMP dependent phosphorylation of sar-
colemmal channel proteins. The increased rate of relaxation 
is due to the increased rate of calcium uptake by the sar-
coplasmic reticulum consequent upon phosphory lation of 
phospholamban.

Fig. 3.10.10: Formation of bradykinins. Bradykinins are formed by 
activation of kininogens by kallikreins. Kallikreins are formed from 
prekallikreins when prekallikreins are activated by one or more of 
a large number of prekallikrein activators. (Factor XII a, activated 
Factor XII).

infl ammatory reaction. They produce marked local vasodila-
tion and increased capillary permeability, and may cause pain. 
Kinins produced in the brain may cause local vasodila tion 
which might be one important factor in the pathogenesis of 
migraine.
 Kinins are inactivated by kininases formed in the lungs. 
There are different types of kininases. One of the kininases is 
the same as the converting enzyme which converts Angiotensin 
I into Angiotensin II.
 Kinin release is inhibited by glucocorticoids secreted by 
adrenal cortex. That is one way glucocorticoids act as anti-
infl ammatory agents.

3. Heat
Increased local temperature leads to vasodilation through a 
direct effect on vascular smooth muscle.

4. Histamine
Histamine produces vasodilation in allergic reactions. In severe 
anaphylactic shock, histamine and histamine-like substances 
produce generalized vasodilation and increased capillary per-
meability. This decreases venous return and consequently car-
diac output to an extent which may endanger the life of the 
patient.

5. Acetylcholine
Acetylcholine produces systemic vasodilation when injected.

6. Tissue Metabolites
Metabolites like hydrogen ions, potassium ions, lactic acid, 
ADP, AMP and adenosine, are all vasodilator substances.

7. Prostaglandins
Some prostaglandins, under some circumstances, pro duce 
vasodilation and increased capillary permea bility.

8. Nitric Oxide
The discovery of nitric oxide as a widespread chemical 
mediator has explained the mystery behind the mecha nism 
of action of several of the above vasodilator agents. Nitric 

Fig. 3.10.11: Nitric oxide-mediated mechanism of action by which 
acetylcholine, bradykinin and endothelins bring about vasodilatation.
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3.11
Blood Pressure:

Normal and Abnormal

Blood pressure is a very common term used casually even in 
everyday conversation. People often advise others to check 
anger in order to prevent the blood pressure from going up, but 
forget it when they are them selves angry. Any declaration of 
high blood pressure by a physician immediately brings a lot of 
worries to the patient. However, blood pressure is most impor-
tant for maintaining blood fl ow through tissues. Thus blood 
pressure is a necessary evil for survival. So long as it is within 
normal limits, it does not bother us: in fact, it keeps us alive.

WHAT IS BLOOD PRESSURE?
Blood pressure, without qualifi cation, refers to arterial blood 
pressure. Hence it is the lateral pressure exerted by the column 
of blood on the walls of the arteries. The pressure is not steady; 
it fl uctuates during the cardiac cycle. During ventricular sys-
tole, arterial blood pressure is higher than that during diastole. 
The normal range of systolic blood pressure is 100 to 140 
mmHg and that of diastolic pressure is 60 to 90 mmHg. Blood 
pressure is commonly measured using a mercury manometer, 
and is commonly expressed in millimeters of mercury (mmHg). 
But recently there is a trend towards adopting the System 
International d’Unites (SI Units). In SI units, the basic unit for 
pressure is newton per square metre, and is called the pascal 
(Pa). Blood pressure, if expressed in SI units, is expressed in 
kilopascals (kPa). SI units have not been widely accepted for 
expressing pressure. Hence in this book we shall express blood 
pressure in mmHg. However, in order to understand some cur-
rent literature, the student should be able to convert SI units 
into conventional units. Kilopascals may be converted into 
mmHg by multiplying them by 7.5. Thus 17 kPa =17 × 7.5 = 
127.5 mmHg.
 The difference between systolic and diastolic pressure is 
known as pulse pressure. Therefore the normal pulse pressure 
is approximately (120 – 80) = 40 mmHg.

Mean Blood Pressure
Mean blood pressure is not the arithmetic mean or average of 
the systolic and diastolic blood pressure. This is because sys-
tole is much shorter than diastole. Therefore arterial pressure is 
near the diastolic pressure for a longer part of the cardiac cycle 
than it is near the systolic pressure. A mathematically precise 

method for fi nding the true mean pressure in such a situation 
is to fi nd the area under the arterial pressure curve, and divide 
it by the duration of the curve (Fig. 3.11.1). How ever, this is a 
time-consuming and cumbersome method. It has been found 
that if one-third of the pulse pressure is added to the diasto-
lic pressure, we get a value which is very close to the mean 
pressure determined by the graphic method. Therefore, if the 
systolic pressure is 110 mmHg and the diastolic pressure is 80 
mmHg,
 mean blood pressure = 80 + 1/3 (110 – 80)
  = 90 mmHg.
 Mean blood pressure is the major determinant of adequate 
blood fl ow through tissues.

Mean Circulatory Filling Pressure
This term was fi rst used by Arthur Guyton to express the mean 
pressure recorded in the blood vessels when the heart is tempo-
rarily stopped by a strong electric shock. In the dog this pres-
sure is 7 mmHg under physiological conditions, and it may be 
assumed to be the same in man. According to Guyton, mean 
circulatory fi lling pressure is the main factor which determines 
right atrial fi lling (venous return), which in turn determines 
stroke volume. Thus the mean circulatory fi lling pressure is a 
useful index of cardiac output and cardiovascular dynamics in 
general.

METHODS OF RECORDING BLOOD PRESSURE

1. Direct Methods
An artery may be catheterized and connected to a mer cury 
manometer, or a pressure transducer, or any other pressure-sen-
sitive device. An arrangement can be made to obtain a graphic 
record of the pressure tracing. Although accurate, direct meth-
ods are suitable only for experimental purposes. For clinical 
measurement of blood pressure, an indirect method is used as 
described below.

2. Indirect Method: Sphygmomanometry
Blood pressure may be measured fairly accurately by this non-
invasive, indirect method. The sphygmomano meter consists of 
an inelastic cuff which contains an infl atable rubber bag. The 
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rubber bag is connected to two tubes. One tube connects the 
bag to a manometer, and the other tube is connected to a bulb 
fi tted with a valve which may be used for infl ating or defl at-
ing the rubber bag. The cuff is snugly placed around the arm 
3-4 cm above the elbow joint. The cuff pressure is raised to 
a level at which arterial pulse cannot be felt anymore. A fur-
ther increase in cuff pressure stops all the blood fl ow through 
the brachial artery. Then the cuff pressure is gradually brought 
down. The blood starts fl owing into the brachial artery as soon 
as the cuff pressure falls just below the systolic arterial pres-
sure. The fl ow is turbulent because the arterial opening is still 
exposed to a considerable pressure from the cuff. The situation 
is similar to fl ow through a garden hose. If the tip of the hose 
is pressed, velocity of fl ow increases. In the same way, here 
also the velocity of fl ow increases, raising Reynolds number 
(Chapter 3.9) above 2000. Hence, the fl ow becomes turbulent 
and produces sounds.
 Appearance of the first soft tapping sound denotes the 
systolic pressure. As the cuff pressure falls, the character of the 
sounds changes, and fi nally the sounds stop. Korotkow divided 
the sounds into four phases:
Phase I. Tapping sound, appears at systolic pressure, and 

becomes louder with a fall of about 10 mmHg.
Phase II. Sound changes into a murmur during the next 15 

mmHg fall of pressure.
Phase III. Murmur becomes louder during the next 15 mmHg 

fall of pressure.
Phase IV. During the last 4 to 6 mmHg fall of pressure, the 

sound becomes muffl ed and then stops completely.
 The pressure at which the sound just disappears is taken as 
the diastolic pressure.

FACTORS AFFECTING BLOOD PRESSURE
From Ohm’s law it is easy to deduce that blood pressure would 
roughly equal the product of cardiac output and peripheral 
resistance.
 Hence factors which alter cardiac output or peripheral 
resistance also affect the arterial blood pressure. Changes in 
cardiac output affect mainly the systolic pressure while changes 
in peripheral resistance affect mainly the diastolic pressure.

Factors Affecting Cardiac Output
Increased Cardiac Output

1. An increase in blood volume increases the venous return, 
and leads to increased stroke volume. Blood volume may 
increase due to water retention, which may follow sodium 
retention due to increased aldosterone secretion or some 
other factor.

2. During exercise cardiac output increases due to increase in 
both stroke volume and heart rate. Hence systolic pressure 
generally rises during exercise.

3. An increase in heart rate does not always alter the blood 
pressure because if stroke volume decreases simultane-
ously, cardiac output does not change signifi cantly.

4. Emotional excitement increases systolic as well as 
dias tolic pressure because of increased sympatho-adre nal 
activity.

Decreased Cardiac Output
1. By change of posture When a person stands up from lying 

down posture, there is an immediate but transient fall in 
systolic blood pressure. This is because upon standing 
there is pooling of venous blood in the lower limbs due 
to gravity. This leads to decreased venous return which in 
turn decreases stroke volume and cardiac output, causing 
a fall in systolic pressure. However, within fi fteen seconds 
the baroreceptor refl exes bring about cardioacceleration 
and vasocons triction. As a result, the blood pressure soon 
returns to normal, or may even rise above the control value 
due to overcompensation.

2. Reduction in blood volume Hypovolemia leads to a 
decrease in cardiac output which causes a fall in systemic 
blood pressure. Hypovolemia may be pro duced by hemor-
rhage. However, the fall in blood pressure due to moderate 
hemorrhage is corrected by the baroreceptor refl ex. If the 
loss of blood is less than 10% of the total blood volume, 
the fall in blood pressure is negligible, if at all. If the loss 
is between 10 and 30% of the blood volume, compensatory 
mecha nisms succeed in stabi lizing the blood pressure at a 
level below the normal pressure. But if the loss is more than 
30% of the blood volume, the compen satory mechanisms 

Fig. 3.11.1: The arterial blood pressure curve. The line for mean pressure has been drawn in such a way that Area (1 + 2) = Area 3. Hence 
the area under the arterial pressure curve, i.e. Area (3 + 4) = Area (1 + 4 + 2).
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may fail, leading to an irreversible and fatal fall in blood 
pressure.

3. Cardiac compression Rapid accumulation of fl uid in the 
pericardial sac decreases ventricular distensibility, leading 
to a decrease in cardiac output.

4. Myocardial ischemia and infarction Myocardial ischemia 
or myocardial infarction reduce myocardial contractile 
force and thereby reduce cardiac output. Further, there is 
also a refl ex fall in systemic blood pressure by liberation of 
certain metabolites which stimulate the ventricular unmy-
elinated afferent fi bers (Chapter 3.10).

5. Trauma Any injury which causes intense pain produces a 
fall in blood pressure.

Factors Affecting Peripheral Resistance
Changes in peripheral resistance mainly affect diastolic pres-
sure. But usually factors which affect peripheral resistance also 
affect cardiac output, thereby causing changes in systolic blood 
pressure.

Factors which Increase Peripheral Resistance
1. Chemoreceptor refl ex A fall in PO2, rise in PCO2, or both 

(as in asphyxia), and increased hydrogen ion concen tration 
cause increased vasomotor centre activity through chem-
oreceptor stimulation. Thus there is vasoconstriction lead-
ing to increased peripheral resistance and increased diasto-
lic pressure.

2. Baroreceptor refl ex Change of posture from lying down 
to standing, or pressure on common carotid arteries, lead 
to refl ex increase of vasoconstrictor tone by baroreceptor 
mechanism.

3. Renin-angiotensin mechanism A fall in renal blood fl ow or 
renal hypoxia stimulates the renin angiotensin mechanism. 
Angiotensin II is a powerful vasocons trictor, and therefore 
increases peripheral resistance.

4. Stimulation of unmyelinated pain fi bres may some time 
refl exly increase peripheral resistance.

Factors which Decrease Peripheral Resistance
1. If more than 30% of the blood volume of a person is lost 

through bleeding, the compensatory mechanisms may fall. 
In that case, there may be reduction in vasomotor centre 
activity and a fall in peripheral resistance which may turn 
out to be irreversible. This condition is known as shock.

2. Some emotionally disturbing events, such as sight of blood 
or frightening objects, may lead to fainting due to general-
ized vasodilation. Although this is called vasovagal attack, 
it seems to be mediated by sympa thetic cholinergic vasodi-
lator fi bres which supply skeletal muscles. It is generally 
short lasting. The treatment is to lie down so that blood 
fl ow, specially to the brain, is maintained. If this treatment 
is not promptly instituted, the person may faint and fall due 
to reduction in blood fl ow to the brain (syncope). Syncope 
may be considered nature’s way of insti tuting the treatment. 
Although rude and potentially traumatic, the fall can be life 
saving.

3. Anaphylactic shock, trauma, peritonitis, crush syndrome, 
etc. In all these conditions there is production of some 

toxic substances which lead to systemic vasodilation and 
increased capillary permeability. Increased vascular capac-
ity due to vasodilation, and reduced volume due to increased 
capillary permeability, is a dangerous combination. It fre-
quently leads to circulatory shock.

4. Stimulation of myelinated pain fi bers may produce general-
ized vasodilation.

Factors Affecting Viscosity of Blood
Viscosity of blood affects the systemic blood pressure in the 
same way as changes in peripheral resistance. In anemia, vis-
cosity of blood is low, and a fall in blood pressure may occur. 
In polycythemia, viscosity is high and blood pressure may rise.

FACTORS REGULATING BLOOD PRESSURE
Blood pressure regulating mechanisms may be classifi ed into 
two categories:
a. Short-term regulating mechanisms, which regulate and 

maintain the normal blood pressure in spite of factors which 
tend to disturb it every minute. These regulations are mainly 
neural.

b. Long-term regulating mechanisms, which adjust the body 
fl uid volume. These regulations are mainly hormonal.

Short-term Regulation
Baroreceptors

Baroreceptors situated in the carotid sinus, aortic arch and 
chambers of heart, play a major role in short-term blood pres-
sure regulation.
 Experimentally, if both the common carotid arteries are 
clamped in an anesthetized dog or cat, within 15 seconds sys-
temic blood pressure rises. This is because clamping reduces 
the pressure in the carotid sinus, thereby activating the barore-
ceptor refl ex.
 On the other hand, a balloon may be prepared by taking 
a piece of jugular vein. The balloon is placed at one end of a 
thin polyethylene tube and then passed through the common 
carotid artery. Distension of this balloon causes deformation 
of the carotid sinus, which stimulates the baroreceptors leading 
to a fall in arterial blood pressure. The effect is abolished if the 
sinus nerve is sectioned.
 However, baroreceptors have little role in long-term regula-
tion of blood pressure since they adapt to a new pressure level 
very fast. Hence in persistent high blood pressure, baroreceptor 
discharge becomes normal. Baroreceptors are most useful for 
short-term regulation of blood pressure in the pressure range of 
70 to 150 mmHg.

Chemoreceptors
Carotid bodies and aortic bodies regulate the blood pressure 
by altering the vasomotor tone. Chemoreceptor discharge may 
increase at high altitude due to hypoxia, during exercise due to 
accumulation of lactic acid, or when there is increased blood 
PCO2 due to respiratory insuffi ciency. Chemoreceptors have a 
role in regulation of blood pressure principally in the range of 
40-70 mmHg.
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CNS Ischaemic Response
This is a life saving mechanism when the blood pressure falls 
below 40 mmHg. Other cardiopulmonary receptors described 
in Chapter 3.10 also play an important role in regulation of 
blood pressure.

Hormonal Mechanisms
1. Catecholamine release from adrenal medulla is often 

accompanied by increased sympathetic discharge. Their 
overall effect is vasoconstriction, and hence a rise in blood 
pressure.

2. Renin-angiotensin mechanism of kidney is essentially a 
long-term mechanism for regulation of blood pressure.

 However, it may also have a role in short-term regulation 
of blood pressure.

Intrinsic Vascular Mechanisms
1. Capillary fl uid-shift system Whenever the mean blood pres-

sure increases, more fl uid is lost at the arterial end of capil-
laries, circulating blood volume is reduced and blood pres-
sure returns to normal.

2. Stress-relaxation When the blood volume changes in the 
range of +30% to –15%, e.g. due to transfusion or hemor-
rhage, blood pressure shows only a transient change. The 
blood pressure returns to normal simply by local vascular 
tone adjustment even in the absence of other regulatory 
mechanisms.

Long-term Regulation
Long-term regulation of blood pressure is primarily regulation 
of blood volume, which is a part of regulation of fl uid balance. 
It is accomplished by humoral mecha nisms involving kidneys. 
The principal hormones involved are antidiuretic hormone 
(ADH), aldosterone, renin-angiotensin system, and atrial natri-
uretic peptide. All these mechanisms have been discussed in 
some detail at appropriate places in the book.1

 Here a hypothetical situation of increase in blood volume 
will be considered. Increase in blood volume may be due to 
salt retention. The abnormality triggers a hormonal response 
which tends to restore normalcy as shown in Figure 3.11.2. If 
the blood volume is reduced, the same responses work in the 
opposite direction, and once again normalcy is restored.

PATHOPHYSIOLOGY OF HYPERTENSION
In spite of the regulatory mechanisms discussed above, the 
blood pressure frequently shows persistent elevation. Some 
rise in blood pressure with age is accepted as physiological. 
A rule of the thumb is to consider the systolic blood pres-
sure as normal if it is less than (100 + age in years) mmHg. 
However, many specialists have evidence to believe that rise in 
blood pressure with age is a price we have to pay for our life-
style, specially the high salt content of our diet. Some experts 
assert that if no additional salt is added to food throughout life, 
the blood pressure will stay constant throughout life. Since 
this hypothesis cannot be widely tested on human beings at 
the present stage of our civilization, we have to accept some 

1 To fi nd these ‘appropriate’ places, you may consult the alphabetical index at the end of the book.

Fig. 3.11.2: Some of the mechanisms which restore blood volume 
to normal. Regulation of blood volume is an essential component of 
regulation of blood pressure.

rise in blood pressure with age as a part of the aging process. 
Although the change is gradual, and there is no sharp divid-
ing line between normal and high blood pressure, an arbitrary 
dividing line is required for clinical use. The arbitrary upper 
limits are 150 and 90 mmHg for systolic and diastolic blood 
pressure respectively. Out of the two, the diastolic pressure is 
more reliable for determining whether a person is hypertensive 
because the systolic pressure shows wider fl uctuations from 
time to time in the same individual. In any case, a single casual 
reading is not enough to label a person hypertensive, specially 
in borderline cases. But if the diastolic pressure is repeatedly 
found to be 90 mmHg or above on at least three occasions, 
the individual may be considered hypertensive irrespective of 
age.

Classifi cation of Hypertension
In most cases of hypertension, the cause is only vaguely known 
in terms of old age, familial tendency, emotional stress, sed-
entary life, overeating, etc. In these cases, where the basic 
cause of hypertension cannot be pinpointed, the hypertension 
is said to be ‘primary’ or ‘essential’. In the few cases where its 
underlying cause is known, the hypertension is said to be sec-
ondary. Another way to classify hypertension is in terms of its 
prognosis. In cases where it progresses slowly, hyper tension is 
called benign. In contrast, malignant hyper tension progresses 
rapidly, is severe, and often leads to death within two years if 
not treated.
 Some of the common causes of secondary hyper tension are 
listed in Table 3.11.1.
 The treatment of hypertension depends on its severity and 
cause. In essential hypertension, relaxation techniques, tran-
quilizers, vasodilators, diuretics, beta blockers or some other 
drugs may be useful in different combinations. In secondary 
hypertension, it is best to treat the basic cause.
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QUESTIONS AND PROBLEMS

1. Can you explain why:
 a. electrical stimulation of the carotid sinus nerve or aortic 

nerve produces a fall in blood pressure?
 b. sectioning of the sino-aortic nerves produces a rise in 

blood pressure?
2. What do you think will be the effect of clamping the exter-

nal and internal carotid arteries above the level of the carotid 
sinus?

3. Why do some people get bradycardia or even a fainting fi t 
if they wear a tight collar?

ANSWERS AND SOLUTIONS
1. a. The stimulation mimics the effect of baroreceptor 

excitation.
 b. Sectioning the nerves stops the input of the normal 

resting discharge of these nerves to the central ner-
vous system. Therefore the effect is the same as that of 
reduced baroreceptor activity.

2. The clamping would raise the pressure in the carotid sinus, 
excite the baroreceptors, and produce a refl ex vasodilation 
and bradycardia leading to a fall in blood pressure.

3. Some individuals, specially those with atherosclerosis, have 
a hyperactive carotid sinus refl ex. A tight collar, or any mild 
pressure over the carotid sinus, leads to bradycardia, or 
hypotension, or both.

Table 3.11.1: Common causes of secondary 
hypertension*

Cause Mechanism

Renal disease Excess renin production leading to high 
level of angiotensin II

Hyperfunction of
adrenal cortex
a. Conn’s disease Excess aldosterone (a mineralocorticoid)
 secretion leading to salt and water 

retention
b. Cushing’s syndrome Excess glucocorticoid secretion 

Glucocorticoids also have weak
 mineralocorticoid activity (i.e. salt and 

water retention)
Long-term oral Mineralocorticoid activity of estrogen
contraceptive use and progesterone
Pheochromocytoma Tumor of adrenal medulla leading to 

excess secretion of adrenaline and 
noradrenaline

Polycythemia Increased viscosity of blood leading to 
higher peripheral resistance.

*Note that these are not common causes of hypertension. These are 
common causes of secondary hypertension, which is a rare form of 
hypertension.
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3.12
Pathophysiology of 

Circulatory Shock and 
Cardiac Failure

Shock and cardiac failure are serious derangements of cardio-
vascular function. Each of them may be due to several causes.

CIRCULATORY SHOCK
‘Shock’ is a popular term used by the lay person to describe a 
sudden and severe setback of any kind due to any reason. But 
circulatory shock has a more specifi c connotation. Circulatory 
shock is characterized by a reduction in circulating blood 
volume and results in inadequate tissue perfusion. Reduction 
in circulating blood volume means that the blood volume itself 
may not be reduced. If the blood volume is reduced, the shock 
is called hypovolemic. But only the volume in circulation may 
be reduced due to a marked expansion in the capacity of vascu-
lar tree, or loss of the pumping ability of the heart. The typical 
early manifestations of shock are low blood pressure, rapid and 
thready (low volume) pulse, and cold and clammy skin. The 
breathing is rapid, the patient may be very thirsty and some-
times the patient is irritable due to high levels of circulating 
catecho lamines. Shock may be due to several causes but the 
common feature in all cases is poor tissue perfusion result-
ing in impaired oxygenation, nutrient supply and removal of 
waste. If prolonged, this state of affairs is not compatible with 
life. Therefore, shock is a serious condition calling for prompt 
treatment, failing which there is progressive deterioration, and 
fi nally the condition becomes irreversible and ends in death.
 Depending onthe cause, shock is divided into several types, 
the most important of which are discussed below briefl y.

Hypovolemic Shock
As the name suggests, it is due to an absolute reduction in 
blood volume. The fl uid lost may be blood and may be lost 
from the body, as in bleeding or haemorrhage. Alternatively, 
the fl uid lost may be water and electro lytes, as in diarrhoea and 
vomiting. Or, the fl uid lost may be plasma, and lost to the cir-
culation but not from the body, as in burns. In burns, plasma 
is lost from capil laries, the permeability of which is increased. 
The plasma collects in the interstitial space but cannot circu-
late. Hence in hemorrhage, dehydration, as well as burns, the 
net effect is the same, i.e. hypovolemia. However, as an exam-
ple of this category only hemorr hagic shock will be discussed 
in some detail.

 Haemorrhage generally leads to shock if more than 15 to 
20% of the blood volume has been lost (Fig. 3.12.1). With 
smaller losses, the compensatory mecha nisms of the body are 
generally able to prevent shock. The compen satory mechanisms 
may be classifi ed according as they are primarily designed for 
maintaining arterial blood pressure, plasma volume and tissue 
oxyge na tion, or components of blood such as red blood cells 
or plasma proteins. In the former category are the short-term, 
quick acting mechanisms which prevent shock; in the latter 
category are long-term mechanisms which tend to correct the 
cause of the shock.

Mechanisms for Maintaining Blood Pressure
These have been discussed in detail in Chapter 3.11. Of special 
relevance in prevention of shock are the baro receptor refl exes 

Fig. 3.12.1: Sequence of events in the early stages of hemorrhagic 
shock.
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which are triggered promptly by a fall in blood pressure, and 
raise the pressure very effi ciently.
 So effi cient are these mechanisms that a patient in shock 
may have normal blood pressure. Therefore the doctor should 
not assume that a patient is out of danger just because the blood 
pressure is normal. If a cause for suspecting shock is present, 
all other features of shock should also be looked for carefully 
before deciding whether the patient has shock.

Mechanisms for Maintaining Plasma Volume
Factors regulating plasma volume have already been discussed 
in detail in Chapter 2.11. Of special relevance for prevention of 
shock are the physical factors which reduce capillary fl uid loss, 
and refl exes operating through the volume receptors. The com-
pensatory mechanisms which tend to restore plasma volume 
have been summarized in Figures 3.12.2A and 2B.

Mechanisms for Maintaining Tissue Oxygenation
Poor tissue oxygenation induces local vasodilation and also 
stimulates respiration through chemoreceptor reflexes. All 
these factors tend to improve tissue oxygenation.

Mechanisms for Restoring Blood Components
These mechanisms, such as stimulation of erythropoiesis or 
plasma protein synthesis, take weeks or months to become 
effective. They are not necessary for immediate prevention of 
shock but are important for long-term restoration of homeosta-
sis. They have been discussed in detail in the section on blood 
(Section 2) and summa rized in Figure 3.12.3.

Treatment of Hypovolemic Shock
On the basis of the pathophysiology of hypovolemic shock, the 
treatment is based on the following principles.

Figs 3.12.2 A and B: Mechanisms which tend to restore the plasma volume in hypovolemic shock. A. Rapidly acting physical mechanisms. 
B. Slower acting neurohumoral mechanisms. ADH, antidiuretic hormone; ANF, atrial natriuretic factor; RBF, renal blood fl ow.

Fig. 3.12.3: Mechanism for restoration of red cell mass in 
haemorrhagic shock.

1. Replacement of losses: As far as possible, the volume and 
components replaced should match the losses. However, in 
case of blood loss, if blood is not available, plasma expan-
ders such as dextran or mannitol, or even saline may be 
given to tide over the emergency. But if only plasma or 
water and electrolytes have been lost, blood should not be 
given even if available because in such cases, the patient 
already has hemo concen tration. Giving whole blood would 
raise the visco sity still further, thereby increasing the peri-
pheral resistance markedly.

2. The patient should be placed in the recumbent posture. 
The head end should be lowered slightly to improve blood 
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fl ow to the brain. The foot end should be raised slightly to 
improve venous drainage from the legs.

3. The room temperature should be just comfortable. Warm 
ambient temperature is undesirable because it induces cuta-
neous vasodilation, which increases the capacity of the vas-
cular tree.

4. Breathing a mixture of oxygen and 5% carbon dioxide helps 
tissue oxygenation and also stimulates respi ration.

5. A pain killer or tranquilizer may be necessary, but drugs 
which depress the respiratory centre should be avoided.

6. Antibiotics may be necessary, specially to prevent release of 
toxins which may make the shock irrever sible (see below).

7. The specifi c cause of shock, such as bleeding, diarrhea, or 
burns should be treated as necessary.

Irreversible Shock
If the treatment of shock is delayed beyond a certain stage, 
it becomes irreversible. After entering the irrever sible stage, 
shock does not respond to treatment. The condition of the 
patient continues to deteriorate in spite of treatment, and even-
tually he becomes comatose and dies.
 The reasons why shock becomes irreversible are not fully 
understood, but the following factors may contri bute to the 
irreversibility:
a. Loss of fluid lowers the blood pressure, which evokes 

baroreceptor refl ex. As a part of the baroreceptor refl ex 
response, blood vessels of skin, muscles and abdominal vis-
cera undergo constriction. Reduction in blood fl ow through 
these regions leads to hypoxia, and accumulation of carbon 
dioxide and other metabolites. That dilates the precapillary 
sphincters while arterioles continue to be constricted due to 
sympathetic activity evoked by baroreceptors. The combi-
nation leads to large fl ow of blood at high pressure through 
dilated capillaries. High hydro static pressure in capillaries 
leads to loss of fl uid from the capillaries into the interstitial 
space. The fate of transfused fl uids is also the same. The 
result is that fl uid continues to be lost from circulation in 
spite of treatment. Hence the condition of the patient dete-
riorates. What might be helpful at this stage is a vasodila-
tor to relax the arterioles, and corticosteroids which reduce 
capillary permeability.

b. Renal damage due to hypoxia may induce renal failure. 
High levels of urea depress the myocardium, decreasing the 
cardiac output.

c. Reduction in blood fl ow to the gut increases intestinal per-
meability, leading to absorption of bacterial toxins from the 
intestine. Further, hypoxia also damages the liver. Therefore 
toxic substances absorbed from the intestines are liable to 
enter the general circulation without adequate handling by 
the liver. Shock due to intestinal bacterial toxins is also 
called endotoxic shock or gram-negative shock. It is easy 
to see how neglect of hypovolemic shock can lead to endo-
toxic shock.

d. Coronary blood fl ow may be reduced due to tachy cardia. 
Further, myocardium may be damaged by the toxic factors 
referred to above.

 The net result is decrease in cardiac output.

e. If the blood pressure falls below the range in which barore-
ceptors and chemoreceptors are effective, the cerebral 
ischemic response might take over. This is the last ditch 
stand, and can maintain adequate blood fl ow to cardiovas-
cular and respiratory centres for only a limited period of 
time. Failure of vital centres of the brain rapidly leads to 
death.

f. Accumulation of lactic acid decreases sensitivity of blood 
vessels to catecholamines and depresses the myocar dium, 
and may therefore contribute to the development of irre-
versible shock.

Cardiogenic Shock
As the name suggests, cardiogenic shock is primarily due to 
a decrease in cardiac output. Decrease in cardiac output also 
reduces the circulating blood volume, and can therefore lead 
to shock. The cardiac output may be reduced by a disease of 
the heart or coronary blood vessels, or by a pericardial effu-
sion. A pericardial effu sion makes it diffi cult for the heart to 
expand. By redu cing the fi lling of the heart, it reduces the 
stroke volume.

Neurogenic Shock
Severe pain, profound emotional disturbance or brain damage 
may produce widespread vasodilation in capacitance vessels. 
That leads to pooling of blood in veins, decrease in venous 
return, and hence decrease in cardiac output.

Anaphylactic Shock
Some hypersensitivity reactions can lead to release of hista-
mine or other substances which produce vasodila tion as well as 
increase in capillary permeability. Both these factors can lead 
to shock as discussed above.

Septic Shock
Uncontrolled infection may release bacterial toxins into the 
blood leading to generalized vasodilation and increase in capil-
lary permeability resulting in shock.
 Thus a variety of heterogenous causes may produce a 
reduction in circulating blood volume leading to circu latory 
shock.

CARDIAC FAILURE
Cardiac failure implies failure of the heart to function ade-
quately. Since the function of the heart is to pump blood, in 
cardiac failure, the pumping ability of the heart is inadequate. 
The inadequacy is due to impaired contractile power. Since the 
major pumping function is performed by the ventricles, car-
diac failure is almost synonymous with ventricular failure. The 
failure may be primarily that of the right ventricle, left ventri-
cle, or both. The failure may develop rather suddently (acute 
failure), as in case of myocardial infarction. Alternatively, the 
failure may develop gradually (chronic failure). The following 
account applies mainly to chronic failure.
 The normal resting cardiac output in an adult is about 5 L/
min, while that during heavy exercise can exceed 25 L/min. 
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Thus the resting heart has a large reserve capacity. In early 
stages of failure, only this reserve may be encroached upon, 
so that there is no disability at rest. In such stages, the failure 
is said to be ‘compensated’. However, further decrease in ven-
tricular contractile power, or an increase in the requirements 
for contractile function, may precipitate ‘decompensation’, and 
clinical manifestations of failure.

Left Ventricular Failure
Left ventricular function may suffer either because of primary 
ventricular dysfunction or because a heavy load is imposed on 
it by arterial hypertension. In either case, inadequacy of left 
ventricular pumping function leads to build up of higher than 
normal pressure in the left atrium. The build-up of the back 
pressure is transmitted sequentially to pulmonary veins and 
pulmonary capilla ries, leading to pulmonary congestion. In 
early stages, pulmonary congestion can be detected through 
crepita tions, which are heard on auscultation of the chest.
 As pulmonary congestion progresses further, there may be 
pulmonary edema which gives symptoms such as cough and 
diffi culty in breathing (dyspnea). Since congestion is more in 
the lying down posture than when sitting up, the breathing dif-
fi culty is also more severe in the lying down posture : this is 
known as orthopnea.
 On the other hand, decreased left ventricular output leads 
to impaired blood fl ow to tisues, giving rise to tissue hypoxia 
and its sequelae.

Right Ventricular Failure
Right ventricular function may sometimes suffer because of 
primary ventricular dysfunction. But more commonly it is sec-
ondary to an overload which may result from mitral stenosis 
or parenchymal lung disease, such as emphysema or fi brosis. 
Right ventricular failure secondary to lung disease is known as 
cor pulmonale.
 As in case of left ventricular failure, right ventricular fail-
ure also leads to back pressure in the right atrium and systemic 
veins. Venous congestion leads to increased jugular venous 
pressure, edema in feet (pedal oedema) and peritoneal cavity 
(ascites), and pooling of blood in the liver leading to enlarge-
ment of the liver.

Biventricular Cardiac Failure
Cardiac failure, which starts as left or right ventricular failure, 
ultimately becomes failure of both ventricles (Fig. 3.12.4). 
Since the major features of biventricular failure are due to con-
gestion in systemic veins and congestion in the pulmonary vas-
culature, it is also called congestive cardiac failure.

High Output Cardiac Failure
This paradoxical situation in which the cardiac output is high, 
and yet the heart is failing, can arise in the following situations:
a. Left-to-right shunts, as in tetralogy of Fallot (Chapter 3.16). 

Blood fl ows from the left side to the right side so that the 
output of the right ventricle is high, and yet the right ventri-
cle eventually fails.

b. Hyperthyroidism. Tissue metabolic activity is high, and the 
blood fl ow increases to meet the enhanced requirements. 

Fig. 3.12.4: Sequence of events which leads to congestive cardiac 
failure.

Table 3.12.1: Treatment of cardiac failure

 Physiological derangement Treatment 

 Arterial hypertension Angiotensin converting
  enzyme inhibitors
 Venous congestion and Diuretics, salt-restricted diet
 pulmonary congestion
 Pulmonary congestion  Oxygen
 and tissue hypoxia

That necessitates a high cardiac output on a continuing 
basis. The heart may not be able to cope with the high work-
load, and eventually fail in spite of pumping more than the 
normal volume of blood.

c. Severe anaemia, - high output to compensate for decreased 
oxygen carrying capacity can ultimately lead to failure.

Treatment of Cardiac Failure
The physiological principles of treatment of cardiac failure are 
shown in Table 3.12.1.

Conclusion
The above brief account of cardiac failure deals only with 
broad physiological principles. More details are beyond the 
scope of this book but are necessary for successful manage-
ment of patients. However, these principles illustrate the inti-
mate relationship between physiology and medicine.

QUESTIONS AND PROBLEMS
1. Why is the pulse rapid and thready, and the skin cold and 

clammy in shock?
2. Comment on the statement, “In left ventricular failure there 

are more symptoms, while in right ventricular failure, there 
are more signs.”

ANSWERS AND SOLUTIONS
1. The pulse is rapid because of tachycardia which is a part 

of the baroreceptor refl ex response. The pulse is thready 
because the circulating blood volume is reduced. The skin is 
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cold because of cutaneous vasoconstriction, which is also a 
part of the baroreceptor refl ex response. The skin is clammy 
(moist) because of sweating. Sweating is due to intense 
sympathetic activity during shock. A few sweat glands in 
the palms and soles are supplied by sympathetic adrener-
gic fi bres. Stimulation of these glands is responsible for the 
“cold sweat” in shock and other stressful situation.

2. Symptoms are what the patient complains of. Signs are 
what the doctor detects on examination. In left ventricu-
lar failure the patient is very uncomfortable due to cough 
and breathing diffi culty but signs may be absent, or limited 
to fi ne crepitations. In right ventricular failure, the patient 
has raised jugular venous pressure, prominent jugular veins, 
hepatomegaly and edema but may not have any obvious 
symptom.
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In the previous chapters, the focus has been on systemic circu-
lation which is maintained by the contractile activity of the left 
ventricle. But the right ventricle also pumps the same amount 
of blood simultaneously into the pulmo  nary circulation. In this 
chapter, the focus will be on ‘how the other half circulates.’ 
The pulmonary vascu lature is much less extensive than the sys-
temic vessels. There fore the peripheral resistance of the pul-
monary circuit is lower. Hence, to pump the same amount of 
blood, the right ventricle needs to pump blood at a much lower 
pressure than the left ventricle. Associated with this basic dif-
ference are several other hemodynamic differences between the 
pulmonary and systemic circu lations. Secondly, the function 
of the systemic circulation is to deliver oxygen and nutrients 
to the tissues, and to collect carbon dioxide and waste prod-
ucts. The function of pulmonary circulation to collect oxygen 
from the lungs and to discharge carbon dioxide into the lungs. 
These func tional differences are associated with appropriate 
differences in the control mechanisms which regulate the two 
circulations. Some salient differences between pulmo  nary and 
systemic circulations have been depicted in Table 3.13.1. As 
you would observe, pulmonary circu lation bears a superfi cial 
resemblance to systemic venous circulation in that both are 
highly distensible, high volume, low pressure systems.

REGIONAL DISTRIBUTION OF
BLOOD FLOW THROUGH THE LUNGS

Blood fl ow through the lungs depends upon the relationship 
between pulmonary arterial pressure, pulmonary venous pres-
sure and alveolar pressure. The difference between the pul-
monary arterial and venous pressures is the driving pressure. 
Secondly, the pul monary capillary pressure must be above the 
alveolar pressure for the blood fl ow to continue. Gravity affects 
the regional distribution of blood fl ow through the lungs by 
altering the pulmonary vascular pressure. Lungs are about 30 
cm tall and the point of entry of pulmonary artery and exit of 
pulmonary veins (hilum) is situated about midway. Thus the 
blood fl owing through the apex has to climb about 15 cm and 
that through the base drops by about 15 cm. The pressure of 
a 15 cm column of blood is equivalent to that of an 11 mm 
column of mercury. Suppose the pulmonary arterial pressure 

at the hilus is 25/12 mmHg. Then at the apex it will be 14/1 
mmHg and at the base it will be 36/23 mmHg. If the arterial 
pressure is only 1 mmHg, the capillary pressure during diastole 
at the apex of the lungs cannot be higher than the alveolar pres-
sure during expiration. Thus the blood fl ow through the apices 
of lungs will cease during diastole, at least during expiration. 
At the base, the driving pressure is the same as at the hilus 
because arterial and venous pressures are equally affected by 
gravity. But the transmural pressure, i.e. the difference between 
intravascular pressure and intrapleural pres sure, is higher 
because the intravascular pressure is higher. Higher transmural 
pressure at the base dilates the pulmonary vasculature, reduces 
resistance, and thereby results in higher blood fl ow.
 Thus we have sound theoretical reasons to believe that 
blood fl ow through the apical region of the lungs will be lower, 
and through the base will be higher, than through the middle 
segments of lungs. These expec tations are borne out by experi-
mental observations.
 Regional blood fl ow through the lungs has been assessed 
by using radioactive gases. In one method, a person takes a 
single breath of 15CO2, and holds the breath for 15 seconds. 
Scintillation counters are placed in pairs at the front and back 
of the chest. The initial rise in radioactivity is due to the dis-
tribution of gas by ventilation. The greater the rise, better the 
ventilation in the region. The later fall in radioactivity is due to 
removal of the gas by blood. Faster the fall in a region of the 
lung, higher the blood fl ow through the region (Fig. 3.13.1).
 Alternatively, radioactive xenon (133Xe) may be dissolved 
in saline and injected into the superior vena cava. It soon 
travels to the pulmonary blood vessels. If counters are placed 
around the chest, the relative distri bution of radioactivity in 
different regions of the chest can be assessed. Greater the con-
centration of radio activity in a region, higher the blood fl ow 
through the region. Both the radioactive carbon dioxide and 
xenon methods have shown the blood fl ow to be higher at the 
base than at the apical region of the lungs.

WHAT KEEPS ALVEOLI DRY
It has been mentioned in Table 3.13.1 that there is no intersti-
tial fl uid in lungs. That is important because even a thin layer 
of interstitial fl uid would increase the dis tance between blood 

3.13
Pulmonary Circulation
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in the pulmonary capillaries and gases in the alveoli. Since 
the rate of diffusion is inversely proportional to the diffusion 
distance, increase in the distance would reduce the rate of 
gas exchange in lungs to such a low level as to make it inad-
equate for respi ratory requirements. In order to understand 
how alveoli remain dry, we can compare the pressures deter-
mining exchange across systemic and pulmonary capil laries 
(Fig. 3.13.2). As seen there, the pulmonary capil lary hydro-
static pressure of 10 mmHg and colloid osmo tic pressure of 25 
mmHg results in a net suction force of 15 mmHg which tends 
to draw fl uid from alveolar inter stitial space into the pulmonary 
capillaries. However, if the pul monary capillary hydrostatic 

pressure rises above 25 mmHg, fl uid can escape into the inter-
stitial space. That can happen during exercise, particularly at 
high altitude. If it happens, some fl uid can be trapped between 
collagen fi bres, thus preventing or delaying the onset of pul-
monary edema. At this stage, J receptors also get stimu lated 
leading to refl ex tachy pnea (increase in rate of breathing) and 
reduction of skeletal muscle tone. It has been postulated by AS 
Paintal that stimulation of J receptors induces dyspnea, which 
together with reduc tion of muscle tone would discourage exer-
cise, thereby taking away the trigger for pulmonary congestion.
 As discussed earlier, gravity adds 11 mmHg to intra-
vascular pressures at the base. This brings the capillary pres-
sure dangerously close to the level at which fl uid could be lost 
to the interstitial space. That is why if there is any disturbance 
in the lungs which is likely to cause loss of fl uid from capillar-
ies, the fl uid fi rst appears at the bases of the lungs.

BRONCHIAL CIRCULATION
Like all parts of the body, lungs also need nutrients and oxygen, 
and have to get rid of waste products including carbon diox-
ide. The deoxygenated blood which enters the lungs through 

Fig. 3.13.2: Alveoli stay dry because the net pressure in pulmonary 
capillaries is overwhelmingly in favour of reabsorption of fl uid from 
the interstitial space. HP, hydrostatic pressure; COP, colloid osmotic 
pressure.

Table 3.13.1: Salient features of pulmonary and 
systemic circulations

Pulmonary circulation Systemic circulation

Pulmonary arteries Aorta
Thin walled, highly distensible Thick walled, elastic
Low pressure High pressure
Systolic pressure 20-25 mmHg 120-140 mmHg
Diastolic pressure 6-12 mmHg 60-80 mmHg
Pulse pressure 12-15 mmHg 40-50 mmHg
Mean pressure 15 mmHg 100 mmHg
Branches have thin walls, Branches have thicker walls,
large lumen, rich sympathetic narrower lumen, rich
innervation, but lack resting sympathetic innervation and
vasoconstrictor tone high resting vasoconstrictor tone.

Pulmonary arterioles Arterioles
Thin wall, large lumen Thick wall, small lumen. The
Low peripheral resistance main seat of peripheral resistance
Response to hypoxia: Vasodilatation
Vasoconstriction

Pulmonary capillaries Capillaries
Shorter and wider, Longer and narrower, therefore
therefore resistance lower resistance higher
Since resistance of arteries, Since resistance of all
arterioles, and capillaries is segments is higher, capillary
lower, capillary blood blood fl ow is continuous
fl ow is pulsatile
Gas exchange is across Exchange is across capillary
alveolocapillary membrane endothelium between blood and
There is no intestitial interstitial tissue fl uid
tissue fl uid

Pulmonary veins Veins
Pressure in large veins Pressure in large veins about
about 8 mmHg 5 mmHg
Carry oxygenated blood. Carry deoxygenated blood
Minor reservoir function, Major reservoir function. Can
Can pump about half litre pump more than one litre of
of blood into the systemic blood into the systemic
circulation if required circulation if required

Lymphatics Lymphatics
Abundant Relatively fewer
Energy for blood fl ow Energy for blood fl ow
Because of low pressure Because of high pressure
gradient and high velocity gradient and low velocity of
of blood fl ow, kinetic blood fl ow, kinetic energy is a
energy is an important negligible component in the
component in the energy energy for blood fl ow. The major
for blood fl ow. component is potential energy

Fig. 3.13.1: Assessment of regional pulmonary blood fl ow. The peak 
radioactivity (P) is higher at the base due to better ventilation. The 
slow fall in ventilation (S) is slower at the apex, indicating poor blood 
fl ow through the apices of the lungs, BH, breath holding.
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to that in the gastrointestinal tract, where also the external 
and internal environment come very close to each other, and 
where also we have a well – developed local immune system 
(Chapter 6.10).

Synthesis of Converting Enzyme
The converting enzyme, which converts angiotensin I into 
angiotensin II, is synthesized in the pulmonary capillary 
endothelium.

Reservoir Function
The pulmonary circulation holds about 18 percent of the blood 
volume. A part of it (upto about half liter) can be relea sed into 
the general circulation when required, for example, following 
hemorrhage.

REGULATION OF PULMONARY CIRCULATION
Pulmonary blood vessels are richly innervated by sympathetic 
vasoconstrictor nerves. But these nerves show no resting tone, 
which means they can show only an increase in activity. This 
happens during circulatory refl exes, many of which have been 
discussed earlier.
 But the most signifi cant alterations in pulmonary blood 
fl ow occur in response to local changes in partial pressure 
of oxygen. In the systemic blood vessels, low PO2 produces 
vasodilation. But in pulmonary blood vessels, low PO2 pro-
duces vasoconstriction. These opposite responses are very 
useful. Before you read any further, try to think how these help 
us. In systemic circulation, low PO2 in a tissue indicates that 
the oxygen supply is insuffi cient for the demands of the tissue. 
The defi ciency tends to get corrected by vasodilation, which 
increases the blood fl ow. But in lungs, low PO2 in a region 
means that the alveoli in that region are not well ventilated. 
Therefore, blood fl ow through that region is a waste. It will not 
get adequately oxygenated, leading to low PO2 in the pulmo-
nary venous blood. Hence vasoconstriction serves a useful pur-
pose by reducing the blood fl ow. The poor ventilation may be 
adequate to oxygenate the low blood fl ow. Further vasocons-
triction in the poorly ventilated region indirectly diverts blood 
fl ow to better ventilated regions where more blood can be 
properly oxygenated. Measurement of regional blood fl ow by 
injection of radioactive xenon (for details, see above) has con-
fi rmed that poorly ventilated regions of lungs have poor blood 
fl ow. Local regulation of pulmonary blood fl ow by a response 
to hypoxia opposite that seen in systemic blood vessels is a 
beautiful example of the wisdom of the body.

QUESTION AND PROBLEM
1. Why is tuberculosis most common at the apical regions of 

the lung.

ANSWER AND SOLUTION
1. This is thought to be due to blood fl ow being poor through 

the apical regions of the lung.

the pulmonary arteries is not the best medium to supply nutri-
ents and oxygen to the lungs. This function is performed by 
the blood which lungs receive through branches of the aorta. 
However, after this blood has delivered nutrients and oxygen, 
and collec  ted waste products, it leaves the lungs through the 
pulmo nary veins, which contain blood which has just been oxy-
genated by the lungs. In this way, some deoxy ge nated blood is 
added to the pulmonary venous blood. Such an admixture is 
called a shunt, and since it is normal, it is a physiological shunt. 
Other similar physio logical shunts are the arterio-luminal veins 
and the Thebesian veins of the heart (Chapter 3.7). However, 
the relative amount of blood added from all these sources to 
the arterial blood is so small that the oxyge nation of the arterial 
blood does not suffer much.

FUNCTIONS OF PULMONARY CIRCULATION
The major function of pulmonary circulation is respi ratory gas 
exchange. This function has been discussed in detail in the sec-
tion on ‘Respiration’ (Section 4). But the position and func-
tions of lungs impose some additional demands on pulmonary 
circulation. These additional functions are discussed below.

Removal of Emboli
Relatively stagnant blood fl ow through veins, specially those 
of lower limbs, sometimes results in formation of intravascu-
lar ‘clots’ in these veins. When these clots get detached, they 
are called emboli (singular, embolus). Emboli travel with the 
blood to the right atrium, and from there to the right ventricle 
and pulmonary vascu lature. Depending upon its size, an embo-
lus may lodge in a pulmonary vessel and block it. Absence of 
blood fl ow through a part of the lung renders it useless for res-
piratory function. Hence if gradually all vessels are blocked, it 
would be impossible to live. Therefore, the pulmonary circula-
tion has to be equipped to deal with emboli. There seem to be 
two mechanisms for the purpose.
 Firstly, presence of small emboli in pulmonary capil laries 
seems to excite J receptos resulting in refl ex increase in pul-
monary arterial pressure. Increase in pulmo  nary artery pressure 
raises pulmonary capillary pressure also, which possibly facili-
tates fi ltration of the emboli out of the capillaries into the lung 
parenchyma. In the lung parenchyma, macrophages can clear 
the emboli.
 Secondly, if the embolus is larger so that a medium-sized 
pulmonary artery is blocked, the bronchial artery circu  lation 
keeps the nourishment of the affected seg ment of lung intact. 
Loss of respiratory function in a part of the lung may not pro-
duce any symptoms. In the meantime, the embolus possibly 
breaks into smaller frag ments and is gradually cleared by 
a combination of the J refl ex and macrophages as discussed 
above.

Immunological Functions
Lungs come in direct contact with the external environ ment. 
Therefore, they are exposed to various living as well as non- 
living antigenic substances. Lungs have well developed local 
immunological mechanisms in which the blood vessels and 
lymphatics are intimately invol ved. The situation is similar 
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3.14
Cerebral Circulation

Brain is a vital organ; damage to cardiorespiratory centres in 
the medulla is life-threatening. Further, the nutritional require-
ments of the brain are considerable, and quite exacting. It nor-
mally utilizes only glucose as fuel; only in acute scarcity can 
it utilize ketone bodies. Further, its metabolism is exclusively 
aerobic. These factors imply that it is essential for our survival 
that the brain is assured of its blood supply.
 A characteristic feature of cerebral blood fl ow (CBF) is 
that it is fairly constant. Cerebral circulation does not par-
ticipate in baroreceptor and chemoreceptor refl exes. In fact, 
it is subject to very few controls. The auto regulation of CBF 
seems to be an inherent property of blood vessels. If the blood 
pressure increases, the stretching of cerebral arterial wall acti-
vates smooth muscle cells leading to vasoconstriction. Thus 
the increase in blood pressure is unable to increase CBF. 
Conversely, a fall in blood pressure leads to dilatation of cer-
ebral arteries and arterioles. Thus the fall in blood pressure is 
also unable to decrease CBF. However, a region of the brain 
which is active during a specifi c task receives additional blood 
fl ow while the neuronal activity is on. But since only a small 
part of the brain is active at any point in time, even up to a 
three-fold increase in blood fl ow through the active region does 
not increase the total CBF much.
 The CBF is about 770 mL/min. Since the brain weighs 
about 1400 g, the fl ow amounts to 55 mL/100 g brain tissue/
min. Looking at it another way, the brain, which weighs only 
about 2.5% of the body weight, receives about 15% of the car-
diac output. But the fl ow is not uniform throughout the brain. 
The grey matter, i.e. the portion containing cell bodies of neu-
rons, is much better supplied than the white matter, i.e. the por-
tion containing fi bers (axons and dendrites of neurons). The 
‘resting’ fl ow through the grey matter is about 100 mL/min/100 
g while the white matter receives only 20-25 mL/min/100 g.

BLOOD SUPPLY
The main sources of blood supply to the brain are the two inter-
nal carotid arteries, which give rise to anterior and middle cer-
ebral arteries. The other sources are the two vertebral arteries. 
The vertebral arteries unite to form the basilar artery. The basi-
lar artery divides to form two posterior cerebral arteries. The 
anterior, middle and posterior cerebral arteries of the two sides 

are connected by an anterior communicating artery and two 
posterior communicating arteries. The three pairs of cerebral 
arteries and the three communicating arteries together form the 
circle of Willis at the base of the brain. The distribution of each 
cerebral artery is quite neatly demarcated with very little over-
lap. Therefore if any of the arteries is blocked, the area of the 
brain supplied by it suffers. The venous drainage of the brain is 
partly into large subdural sinuses and partly into paravertebral 
veins and other cranial veins. Subdural venous sinuses drain 
into the internal jugular veins. Almost two-thirds of the blood 
supplied by an internal carotid artery drains into the internal 
jugular vein of the same side. The remaining blood is drained 
by the jugular vein of the other side.

Nerve Supply of Cerebral Blood Vessels
Cerebral blood vessels are supplied by sympathetic vasocon-
strictor nerves from cervical ganglia. These are present mainly 
in pial vessels. In addition, cerebral vessels also have parasym-
pathetic vasodilator nerve supply and sensory nerve supply. 
Cerebral blood vessels are highly sensitive to pain, though 
brain substance has no pain fi bres.

SPECIAL FEATURES OF CEREBRAL CIRCULATION
Cranial cavity is a rigid box containing the brain cells, cerebral 
blood vessels, and cerebrospinal fl uid (CSF). Since the con-
tainer is rigid, the total volume of the contents has to remain 
constant. Since cells as well as fl uid are incompressible, an 
increase in the volume of any component is at the expense of 
the other two. This principle is also known as Monro-Kellie 
doctrine. Since the volume of brain is relatively fi xed, the 
adjustments are principally between the blood vessels and CSF. 
The blood vessels participating in the adjustment are mainly 
the veins and venous sinuses since arteries have a much higher 
intramural pressure. However, persistent elevation of CSF 
pressure may compress the brain leading to cerebral atrophy.

Blood-Brain Barrier
Cerebral capillaries do not come in contact with neurons. 
The glial cells, mainly the astrocytes, are interposed between 
neurons and blood vessels. In this respect, astrocytes act like 
interstitial fl uid. There is hardly any interstitial fl uid and no 
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lymphatics in the brain. Cerebral capillaries have a thick base-
ment membrane, and hardly any fenestration. The poorly per-
meable capillaries and the astrocytes provide the physical basis 
of the blood-brain barrier. The barrier implies that the transport 
of substances from the blood to the brain is slow and limited. 
Large molecular weight substances, specially if water solu-
ble, cannot reach the brain at all through the blood. However, 
carbon dioxide crosses the blood-brain barrier easily because it 
is lipid-soluble. The blood brain barrier protects the brain from 
many toxic substances that may be circulating in the blood. For 
a more detailed discussion on the subject, see Chapter 12.2.

REGULATION OF CEREBRAL BLOOD FLOW
As elsewhere, cerebral blood fl ow is determined by the pres-
sure gradient and cerebral vascular resistance. But in view of 
the reciprocal relationship between CSF and blood fl ow dis-
cussed above, the intracranial pressure also contributes to the 
cerebral vascular resistance.
 Cerebrospinal fl uid pressure is directly related to jugular 
venous pressure. It is observed that applying pressure over the 
liver or the jugular veins leads to increased cerebrospinal fl uid 
pressure. This is known as Queckenstedt’s sign. Conversely, 
if there is a rise of intracranial pressure due to a brain tumor, 
veins are the fi rst to be affected. The increased venous pres-
sure leads to accumulation of fl uid due to deranged capillary 
exchange. This is refl ected in the eyes as edema of the optic 
disc, called papilledema.
 Increased PCO2 in plasma increases cerebral blood 
fl ow tremendously. An increase of blood PCO2 by 1 mmHg 
increases cerebral blood fl ow by 3 mL/100 g of brain tissue per 
minute. Increased blood PO2 produces cerebral vasoconstric-
tion, but this is not a physiological phenomenon. Several anes-
thetic agents decrease cerebral blood fl ow by 25-30 per cent. 
Physiologically, a decrease in local PCO2 is the only factor 
which causes cerebral vasoconstriction. Changes in hydro-
gen ion concentration of blood do not affect cerebral circula-
tion directly, but they do so by changing PCO2. For example, 
intravenous infusion of NaHCO3 causes systemic alkalosis but 
increases cerebral blood fl ow through increased formation of 
CO2. Infusion of NH4Cl, which causes acidosis, decreases cer-
ebral blood fl ow, because hyperventilation due to increased H + 
ion concentration decreases blood PCO2.
 Although cerebral blood vessels are innervated by sympa-
thetic, parasympathetic and sensory nerves, the cerebral blood 
fl ow is regulated mainly by PCO2. A decrease in cerebral blood 
fl ow due to any reason leads to accumulation to CO2 locally. 
Cerebral blood vessels dilate because of their great sensitiv-
ity to changes in the local PCO2. The vasodilation washes out 
excess of CO2 and then again brings back the normal vascular 
tone. Thus a negative feedback mechanism keeps CBF rela-
tively constant, and also makes regional blood fl ow commen-
surate with neuronal activity.

Regional Adjustments in Cerebral Blood Flow
Although total cerebral fl ow remains fairly constant, blood 
flow through different parts of the brain may change. For 
example, when the eyes are stimulated, the occipital lobe, 

which receives visual signals, shows a higher blood fl ow. This 
happens because when a group of neurons is active, their meta-
bolic activity increases. Increased metabolic activity leads to 
local rise of PCO2 which causes local vasodilation. Hence the 
blood fl ow through that region increases. That is how the blood 
fl ow through different regions of the brain is adjusted accord-
ing to the level of activity of the region.
 The traditional explanation for increase in blood flow 
through active regions based on PCO2 may be only a partial 
explanation. Other metabolites such as adenosine and potas-
sium ions are also vasodilatory in their action. Further, some 
neurons release nitric oxide (NO) as a neurotransmitter. Since 
NO is a vasodilator, the neuronal activity naturally leads to an 
increase in regional blood fl ow. A recent hypothesis by David 
Harder and his associates has implicated astrocytes (a type of 
neuroglia) in the mechanism underlying regional hyperemia 
in the brain. Astrocytes are located between neurons and cer-
ebral capillaries. Several neurons release glutamate as a neu-
rotransmitter. Some of the glutamate may affect astrocytes in 
a paracrine fashion. On exposure to gluta mate, astrocytes syn-
thesize arachidonic acid, which is metabolized into epoxyeico-
satrienoic acids (EETs). EETs dilate cerebral arterioles through 
activation of potassium channels. A further extension of this 
hypo thesis is based on the observation that EETs also stimu late 
mitogenic activity in the capillary endo thelium, and promote 
capillary endothelial tube forma tion. Therefore it has been pro-
posed that EETs induce capillary formation and increase cap-
illary density. This implies a long-term increase in capillary 
density. Thus not only is there a transient hyperemia in a region 
of the brain where neurons are active, there is also a mecha-
nism for increa sing the capillary density in regions which are 
activated frequently. Further studies are needed to determine 
whether capillary density in the brain is actually correlated 
with the habitual pattern of activity.

Regulation of Cerebral Blood Flow in Increased 
Intracranial Pressure
A rise in intracranial pressure from the normal level of about 
8 cm H2O to 45 cm H2O, causes linear rise in arterial blood 
pressure, although cerebral blood fl ow remains constant by 
autoregulation. However, beyond 45 cm H2O intracranial 
pressure cerebral blood flow decreases progressively. This 
results in cerebral ischemia, similar to that produced by a 
fall of systemic arterial pressure to a level below 40 mmHg. 
Ischemia of this degree stimulates the vasomotor centre 
and raises the blood pressure (Chapter 3.10). Although rise 
in intracra nial pressure is associated with a rise in arterial 
blood pressure, the degree of cerebral ischemia produced is 
similar to that produced by a fall in arterial blood pressure. 
Therefore the vasomotor centre responds in the same fashion, 
i.e. by producing a generalized vasocons triction. The result 
is a still further rise in arterial blood pressure. This is known 
as Cushing’s refl ex. In Cushing’s refl ex, the blood pressure 
may rise up to nearly 300 mm Hg, but is useless in increas-
ing cerebral blood fl ow because of the high CSF pressure. The 
patient may therefore drift into unconsciousness, and fi nally 
die due to damage to vital centres (cardiorespiratory centres) 
of the brain.
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QUESTION AND PROBLEM

1. Why is it dangerous to inhale hyperbaric oxygen with car-
bon dioxide?

ANSWER AND SOLUTION
1. Normal air at sea level pressure has a PO2 of about 150 

mmHg. Oxygen at a pressure considerably higher than this 
is called hyperbaric. Hyperbaric oxygen is toxic to neurons. 

But if hyperbaric oxygen is given to a person for breath-
ing, it produces cerebral vasoconstriction, which limits cer-
ebral blood fl ow and hence also limits the damage which 
hyperbaric oxygen might do to neurons. However, if carbon 
dioxide (say 2%) is also breathed with hyperbaric oxygen, 
the vasodilator effect of carbon dioxide dominates over the 
vasoconstrictor effect of oxygen. Hence a high cerebral 
blood fl ow gets combined with high PO2. The result is neu-
ronal damage due to oxygen toxicity, which might lead to 
coma and fi nally death.
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3.15
Blood Flow through 

Viscera, Muscles and Skin

Circulation through liver, intestine and spleen is known as 
splanchnic circulation. They form one circulatory unit because 
all the venous blood from gut and spleen enters the liver 
through the portal circulation. At rest, the splachnic blood fl ow 
is 1600 mL/min, which is about 30% of the cardiac output.

BLOOD FLOW THROUGH LIVER
The liver receives blood from two sources. It receives oxy-
genated blood through the hepatic artery. Hepatic artery blood 
fl ow is approximately 30 mL/100 g/min. The other source of 
blood supply is the portal vein, which brings to the liver blood 
which is deoxygenated but rich in nutrients from small and 
large intestines, pancreas and spleen. Portal fl ow accounts for 
a blood fl ow of 70 mL/100 g/min to the liver. Thus the total 
blood fl ow through the liver is 100 mL/100 g/min. These two 
sources of blood supply mix in the distal portion of the hepatic 
sinusoids. The mixed blood passes through the sinusoids, 
which drain through the central lobular veins to the hepatic 
veins. Hepatic veins fi nally drain into the inferior vena cava. 
It is worth noting that the hydro static pressure in the hepatic 
artery is about 100 mm Hg, while that in the portal vein is only 
10 mm Hg. The low portal vein pressure and high hepatic arte-
rial pressure become even in hepatic sinusoids where the pres-
sure becomes 6 to 8 mm Hg. In the hepatic vein, the pressure is 
approximately 5 mm Hg (Fig. 3.15.1).

Control of Hepatoportal Circulation
Both the hepatic artery and portal vein are richly innervated by 
sympathetic vasoconstrictor nor adrenergic fi bers. These fi bers 
maintain the tone of the precapillary sphincters which control 
the hepatic artery blood fl ow. When the metabolic activity of 
liver increa ses, there is accumulation of local metabolites such 
as carbon dioxide and hydrogen ions, which decrease the pre-
capillary sphincter tone. This leads to increased hepatic arterial 
fl ow. Simultaneously portal venous pressure and blood fl ow 
decrease, since portal fl ow does not participate in this autoreg-
ulatory mechanism. This is how the balance between the two 
sources of blood fl ow regulates the oxygen supply of the liver 
commen surate with its requirements without altering unduly 
the total blood fl ow.

INTESTINAL CIRCULATION

Intestines receive a rich blood supply from superior and infe-
rior mesenteric arteries, which anastomose exten sively. The 
mucosa of intestines receives more blood than the serosa. 
Mesenteric blood vessels are supplied by sympathetic vaso-
constrictor nerves. During a meal, and for 3 h following it, the 
metabolic activity of the intestines increases. That leads to dila-
tion of intestinal vessels through accumulation of metabolites. 
Gastrointestinal hormones also play a major role in the vasodi-
lation. As intestinal blood fl ow increases, portal vein fl ow also 
increases.

SPLENIC CIRCULATION
The blood supply of spleen is through the splenic artery, which 
is supplied by sympathetic vasoconstrictor nerve fi bres. Splenic 
veins also have rich sympathetic inner vation. Hence, by acti-
vation of the sympathetic nerves supplying the veins, blood 
can be diverted from the spleen to the splanchnic circulation. 
In dogs and many other animals, stimulation of sympathetic 

Fig. 3.15.1: Rate of hepatic blood fl ow and hydrostatic pressure in 
different sections of hepatic vasculature.
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nerves or administration of catecholamines produces contrac-
tion of smooth muscles present in the capsule and trabeculae 
of spleen. That leads to ‘contraction’ of the spleen, relea sing 
a large volume of blood into the general circulation. This is 
a protective mechanism in exercise, haemorrhage and shock. 
Thus spleen acts as a reservoir of blood. However, in man it 
does not have any signifi cant reser voir function. It is also an 
important part of the mono nuclear phagocytic system.

RENAL CIRCULATION
Kidneys receive their blood supply through renal arteries, 
the blood fl ow being about 1200 mL/min. Each renal artery 
branches into 3 or 4 interlobar arteries. They travel through 
the medulla, and at the corticomedullary junction they divide 
into two arcuate arteries, forming a ‘T’. From the arcuate arter-
ies originate the afferent arterioles to individual glomeruli 
(Fig. 3.15.2).

Regional Distribution of Renal Blood Flow
Kidneys receive 3 to 4 mL of blood per g of kidney tissue per 
min. But its distribution is not uniform throughout the kidneys. 
Cortex receives a higher rate of blood fl ow, i.e. 4 to 5 mL/g/
min, while the outer medulla receives only 0.2 mL/g/min and 
inner medulla 0.03 mL/g/min.

Special Features of Renal Blood Flow
1. Afferent arterioles to the glomeruli have a hydrostatic pres-

sure of about 60 mmHg. This high pressure head helps in 
formation of glomerular fi ltrate.

2. Blood fl ow through the vasa recta in the medulla is slow. 
This leads to accumulation of Na and other ions, resulting 
in hyperosmolarity in the medulla. This is the basis of the 
counter-current exchange system which concentrates urine. 
Details of the counter-current mechanism will be discussed 
in the section on Excretory System (Section 8).

3. The renal capillaries have a large pore size which helps in fi l-
tration and absorption of large molecular weight substances. 
These capillaries are known as fenes trated capillaries.

Fig. 3.15.2: Diagrammatic representation of the general organization 
of renal circulation. PCT, proximal convoluted tubule; DCT, distal 
convoluted tubule.

Fig. 3.15.3: Autoregulation of renal blood fl ow. Change in arterial blood pressure in the range of 100-300 mmHg has only a negligible effect 
on blood fl ow. A and B, when the renal arterial pressure is raised, renal blood fl ow returns to the control value soon after a transient increase. 
C, effect of renal arterial pressure on renal blood fl ow immediately on changing the pressure and after stabilisation.

4. The afferent arteriole and distal convoluted tubule together 
form a specialized structure in the juxta glome rular region, 
which is known as the juxta glome rular apparatus (JGA). 
JGA is an endocrine structure which manufactures renin 
and erythro poietin.

5. Renal blood fl ow is essentially constant within a fairly 
wide range of arterial blood pressure. This is spoken of as 
autoregulation (Fig. 3.15.3). Autoregulation may be due to 
a combination of arteriolar smooth muscle response to met-
abolic (PO2, PCO2, etc.) and mechanical (stretch) factors.

Neural Control of Renal Blood Vessels
Renal blood vessels are richly supplied by sympathetic vaso-
constrictor nerves. Therefore renal vessels partici pate in 
regulatory refl exes such as baroreceptor and chemoreceptor 
refl exes. Stimulation of the sympathetic nerves to renal ves-
sels not only produces constriction of these vessels but also 
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enhances renin production through renal ischemia. Renin leads 
to production of angiotensin II, which in turn produces gener-
alized vaso constriction. Thus renal vessels play an important 
part in regulation of blood pressure.

SKELETAL MUSCLE CIRCULATION
Although muscles constitute 40% of our body weight, under 
resting condition they receive only 800 mL blood per min, 
or about 15% of the cardiac output. However, during exer-
cise there is enormous increase in muscle blood fl ow, which 
may reach 20 litres per min. A 25-fold variation in blood fl ow 
implies remarkable adjustments in vasculature.
 Skeletal muscle blood vessels are richly innervated by 
sympathetic nerve fi bres. These sympathetic nerves are of two 
types:
a. Sympathetic noradrenergic fi bres with a vaso constric tor 

effect. The tone of these fi bres limits muscle blood fl ow 
during resting conditions.

b. Sympathetic cholinergic fi bres, with a vasodilator effect. 
These fi bres contribute to the vasodilation during exercise.

 But these fi bres do not participate in generalized vaso motor 
refl ex responses because they originate in the cere bral cortex 
and descend without relaying in the vaso motor centre. Besides 
being subject to neural infl uences, precapillary sphincters are 
highly sensitive to hypoxia, increa sed PCO2 and increased 
hydrogen ion concen tration.
 There are a large number of arteriovenous thorough-
fare channels in skeletal muscle, which short circuit blood 
from arterial to venous side without any exchange of fl uid or 
metabolites.

Mechanism of Increased Blood Flow During 
Exercise
Muscle blood flow increases before the exercise actu-
ally begins. When a person thinks of taking exercise, neural 
impulses from his cerebral cortex (‘highest’ part of the brain) 
stimulate the sympathetic cholinergic fi bres supplying muscle 
blood vessels, leading to vasodilation. As a result, muscle blood 

fl ow increases. But the sympathetic cholinergic fi bers supply 
only the arterio venous thoroughfare channels, not the precapil-
lary sphincters. Therefore the increased blood fl ow is through 
the thoroughfare channels only. Hence there is no increase in 
the availability of oxygen or nutrients to the muscle as a result 
of this increase in blood fl ow. The increase only serves to warm 
up the muscles.
 After the exercise has begun, exercising muscles start 
consuming more oxygen and start producing more of carbon 
dioxide and other metabolites such as ADP, adenosine, hydro-
gen ions and lactic acid. Local hypoxia and accumulation 
of metabolites lead to relaxation of pre capillary sphincters 
resulting in increased blood fl ow through the capillaries. This 
increase is actually useful in meeting the enhanced metabolic 
demands of muscles during exercise. The metabolites also 
increase capillary permeability leading to an increase in inter-
stitial fl uid. That is why muscles become turgid after exercise. 
Some of the metabolites also stimulate pain-sensitive nerve 
endings. The mild pain so produced limits exercise to a reason-
able level.
 Thus the major mechanism for increased blood flow 
through muscles during exercise is hypoxia and accumu lation 
of metabolites. Since it is a non-neural mechanism, marked 
increase in muscle blood fl ow takes place during exercise even 
after chemical or surgical interruption of the infl uence of nerve 
fi bers.

SKIN CIRCULATION
The vasculature of skin also shows extensive arterio venous 
anastomotic channels (Fig. 3.15.4). Hence blood fl ow through 
these channels can increase without increasing oxygen avail-
ability to the skin. These channels are specially relevant to skin 
because while the oxygen requirement of the skin is relatively 
constant, increase in blood fl ow may be required to dissipate 
heat from the surface of the body. Accordingly, the thorough-
fare channels are most abundant in exposed peripheral parts 
of the body, i.e. hands, feet, face and ear lobes. The blood 
fl ow through the skin varies between 1 mL/100 g/min and 150 

Fig. 3.15.4: Cutaneous circulation. Blood fl ow through the skin can change enormously depending on whether or not the arteriovenous 
anastomoses are open.
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mL/100 g/min, depending mainly on the requirements of tem-
perature regulation.

Cutaneous Circulatory Response to Temperature
When the environmental temperature is raised, the skin blood 
vessels dilate, increasing the cutaneous blood flow. This 
response takes place even at temperatures below the threshold 
for sweating. Increase in skin blood fl ow increases the temper-
ature of the skin because blood is warmer than the skin. As the 
skin gets warmer, loss of heat from the skin to the surround-
ings by radiation increases. Loss of heat from the body helps in 
main taining the body temeprature constant in spite of a rise in 
environmental temperature.
 Conversely, when the environmental temperature falls, skin 
vessels undergo vasoconstriction. However, if the exposure 
to cold is severe and prolonged, the blood supply to skin can 
fall so low as to lead to hypoxia and accumulation of carbon 
dioxide and other metabolites. These factors produce vasodi-
lation and consequently increase in blood fl ow, which meets 
the oxygen demands and washes away the metabolites, thus 
removing the stimuli for vasodilation. Hence the tempera-
ture regu latory response of vasoconstriction takes over. Vaso-
constriction may again lead to accumulation of metabolites. 
Thus a cycle of alternate vasoconstriction and vasodilation 
may be set up. If the exposure to cold is very severe, it may 
lead to tissue damage: this is known as frostbite, and is more 
likely in elderly persons having atherosclerosis.

Cutaneous Circulatory Response to Injury
When the skin is scratched lightly with a blunt object, a white 
or pale line is seen along the path of scratching. The ‘white 
reaction’ is due to contraction of precapillary sphin cters of skin 
vessels in response to the mechanical stimulus.
 If the skin is scratched somewhat less lightly, and specially 
if the object is pointed, we get a series of reactions which 
are described as ‘triple response’. The fi rst event in the triple 
response is the ‘red reaction’. Reddening of the path of the 
scratch is due to vasodilation of venules in response to injury. 
The second event in the triple response is the ‘fl are’ or ‘fl ush’. 

Figs 3.15.5 A and B: Portal circulation. Portal veins are interposed between two sets of capillaries. A. Hepatic portal system. B. Hypophyseal 
portal system. 1, 2: the two sets of capillaries between which the portal vein is interposed.

Flare is diffuse redness of the line stroked and the area sur-
rounding it. Flare is due to the axon refl ex. The term axon 
refl ex is actually a misnomer because a true refl ex uses a neural 
pathway which includes some part of the central nervous 
system. The pathway of the axon refl ex does not involve the 
central nervous system (Fig. 3.10.6). As seen in the fi gure, part 
of the pathway involves antidromic conduc tion, i.e. conduction 
of nerve impulses in a direc tion opposite to the usual direction. 
It is opposite in that the nerve fi bre involved is a branch of an 
afferent nerve fi bre, but the impulse travels in it away from the 
central nervous system, towards the blood vessel. The vasodi-
lation is due to the chemicals released by the nerve fi ber such 
as substance P and calcitonin-gene-related peptide (CGRP).
 The afferent impulse that continues towards the central 
nervous system is responsible for the sensation of pain. That 
the pathway of the axon refl ex does not involve the central 
nervous system is shown by the obser vations that the axon 
refl ex can be seen after spinal anesthesia or in a pithed animal 
(with the spinal cord destroyed). The involvement of peripheral 
nerve fi bers in the axon refl ex is indicated by the observation 
that the axon refl ex is not seen after administration of a local 
anesthetic. Axon refl ex is the only ‘refl ex’ in the body, the path-
way of which does not involve the central nervous system.
 The third and final event in the triple response is the 
‘wheal’. Wheal is local swelling or edema due to increased 
permeability of damaged capillaries. Increase in capillary 
permeability may be due to substance P, a histamine-like sub-
stance, and several other peptides released from nerve endings. 
Increased capillary permeability leads to transudation of fl uid, 
which produces the wheal.
 Evey skin injury does not necessarily lead to the entire 
triple response. Very mild injuries give rise to only the red 
reaction; somewhat stronger injuries give the red reaction fol-
lowed by the fl are; and still stronger injuries produce the red 
reaction followed by the fl are and then the wheal.

QUESTION AND PROBLEM
1. What is portal circulation?
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ANSWER AND SOLUTION

1. Portal circulation is a blood vascular system that inter-
venes between two independent capillary networks 
(Figs 3.15.5A and B). This unique vascular arrangement is 

found in the liver and anterior pituitary. The hepatic portal 
system allows the liver to scrutinize all substances absorbed 
by the gastrointestinal tract. The hypophyseal portal system 
allows preferential delivery of hypothalamic release hor-
mones to the anterior pituitary.
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3.16
Placental, Fetal and 
Neonatal Circulation

Uterus is probably unique in being useful for only a few lim-
ited periods during the life of a woman. During most of her 
life, it has to be tolerated as a rather small and redundant struc-
ture which makes its presence felt during menstruation. During 
pregnancy, however, it grows enormously and provides board 
and lodging to the fetus. Change in size means change in meta-
bolic needs, and blood supply should keep pace with the needs. 
Further, during pregnancy, the uterine and fetal circulations are 
linked to each other through the placenta. The special features 
of circulation through the foetoplacental unit, and transition to 
extrauterine existence in the neonate, form the subject of this 
chapter.

UTERINE CIRCULATION
Uterus receives blood through uterine arteries. Uterus shows 
cyclic changes in blood flow during the menstrual cycle. 
During proliferative (estrogenic) phase, basal arteries in the 
endometrium become elongated; in secretory (progesterone 
dependent) phase which follows, the blood vessels become tor-
tuous. During the next phase, there is a sharp fall in both estro-
gen and progesterone levels. That is associated with necrosis 
of the superfi cial portion of endometrium. The exposed ends 
of damaged arteries bleed, leading to menstruation. The cyclic 
changes indicate that uterine blood fl ow is dependent on the 
female reproductive hormones, estrogen and progesterone. 
However, other vasoactive mechanisms such as bradykinin 
and VIP may also play some role in regulation of uterine blood 
fl ow.

Uterine Circulation during Pregnancy
After fertilization, when the implantation of the embryo has 
taken place, the nutrition of the embryo is obtained from the 
glycogen in the uterine secretion and increased interstitial fl uid 
in the decidua. However, soon the secretion of chorionic gona-
dotrophin begins, stimulating the secretion of estrogen and 
progesterone. A rise in the levels of estrogen and progester-
one leads to an increase in uterine blood fl ow. Eventually, the 
placenta develops and becomes the major source of endocrine 
secretions during pregnancy. The placenta also provides the 
circulatory link between the mother and the fetus.

PLACENTAL CIRCULATION

Placenta has two major portions: maternal and fetal. The mater-
nal portion receives blood through spiral uterine arteries which 
drain into large sinuses. Small branches of fetal and umbilical 
arteries and veins enter these sinuses in the form of chorionic 
villi, and are bathed by blood (Fig. 3.16.1). Free mixing of fetal 
and maternal blood is prevented by fetal vascular endothelium, 
connec   tive tissue of the villi and the trophoblast. But in spite 
of these barriers, there is extensive exchange of sub stances 
between maternal and fetal blood across the placenta.
 In the third trimester of pregnancy when placenta starts 
degenerating, the barriers may be damaged. Then maternal 
blood may enter the fetal circulation and vice versa. This is 
why blood from an Rh +ve fetus may enter the maternal circu-
lation and evoke antibody formation in an Rh -ve mother only 
in the later part of pregnancy.
 After opening up in the sinuses in the intervillus space 
and exchange of substances through chorionic villi, maternal 
arterial blood drains into the uterine veins. Uterine blood fl ow 
increases enormously during pregnancy. To provide for it, the 
maternal cardiac output increases by 2 to 2.5 litres/min near 
full term. In the later part of pregnancy, uterine blood fl ow is 
approxi mately 200-300 mL/min/kg of uterine mass, including 
the fetus. Eighty percent of the uterine blood fl ow enters the 
placenta. At childbirth, placental weight is only 0.5 kg while 
the fetus weighs about 3 kg. So it seems placenta receives more 
blood by local vasodilator mechanisms. Just before parturition 
uterine blood fl ow decreases. This may be due to decreased 
secretion of trophic factors by the placenta, since the placenta 
starts degenerating after 28 weeks of pregnancy.

FETAL CIRCULATION
The design of fetal circulation is quite different from that after 
birth (Fig. 3.16.2). The transition is sudden, and therefore all 
the more impressive.

Design of Fetal Circulation
The fetus receives its blood supply through the umbilical 
vein which carries blood from the placenta to the fetus via the 
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umbilical cord. This blood has already lost some of its oxygen 
in the placenta, and is therefore only 80% saturated with 
oxygen. Blood from the umbilical vein enters the liver. Some 
blood, however, bypasses the liver, and enters the inferior vena 
cava through the ductus venosus. Other sources from which the 
blood enters the inferior vena cava are the hepatic vein and the 
venous blood returning from the trunk and inferior extremities. 
Since these sources contribute blood of a much lower oxygen 
content, the mixed inferior vena cava blood has an oxygen sat-
uration of only 67%. The inferior vena cava enters the right 

atrium, and so does the superior vena cava, as in extrauterine 
life. However, the fate of blood in the right atrium is very dif-
ferent from that in the adult. Nearly half of it fl ows directly 
from the right atrium into the left atrium through an opening 
(foramen ovale) in the interatrial septum. A little more than half 
the blood fl ows from the right atrium into the right ventricle. 
The right ventricle pumps the blood into the pulmonary artery. 
But since the fetal lungs are collapsed, their vascular resistance 
is high. Hence only a small fraction of blood passes through 
the lungs to reach the left atrium via the pulmonary veins. Bulk 

Fig. 3.16.1: Placental circulation. A. Diagrammatic representation of the vascular arrangement in the placenta. Although only the exchange 
of oxygen and carbon dioxide across the maternal and fetal blood vessels has been shown, nutrients are also transported like oxygen, 
and several nitrogenous waste products are also transported like carbon dioxide. Thus the placenta performs for the fetus functions of the 
lungs, gut and kidneys. B. Simplifi ed diagram of gas exchange in lungs during extrauterine life. Observe the similarity with the process in 
the placenta. The pulmonary artery may be compared with the umbilical artery and the pulmonary vein with the unmbilical vein from the 
functional view point. C. Simplifi ed diagram of nutrient absorption from the gut during extrauterine life. A similar process takes place in 
the placenta. Intestinal arteries may be compared with the umbillical artery, and the portal vein with the umbilical vein from the functional 
viewpoint. D. Simplifi ed diagram of glomerular fi ltration during extrauterine life. A similar process takes place in the placenta. Afferent arterioles 
may be compared with the umbilical artery, and efferent arterioles with the umbilical vein from the functional viewpoint. WP, waste products.
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of the pulmonary artery blood enters the aorta directly by a 
vascular connection called the ductus arteriosus. Blood from 
the left atrium also reaches the aorta as in the adult. Thus all 
the blood is eventually transferred from the right heart to the 
aorta, as in the adult. But unlike the adult, it takes three routes 
to do so instead of just one. The adult route (via lungs) is taken 
by only about 13% of the right artrial blood. The unique routes 
used are the foramen ovale and the ductus arteriosus: channels 
which close soon after birth. The aortic fl ow is distributed to 
the whole body as in the adult. But a unique artery arising from 
the fetal aorta is the umbilical artery, which carries blood to the 
placenta. After improving its oxygen content in the placenta, 
the blood returns to the fetus through the umbilical vein. Thus 
the placenta acts like the lungs of the adult. It also acts like the 
gut and kidneys, in the sense that it adds nutrients to, and also 
removes waste products from the fetal blood.

Special Features of Fetal Circulation
The inability of fetal lungs to function, and the takeover of the 
function of gas exchange by the placenta, introduce some pecu-
liarities in the left heart-right heart relation ship as discussed 
above. One of these peculiarities is that the right ventricle has 
to pump blood against considerable resistance. First, the pul-
monary vascular resistance is high. Secondly, the major part 
of the right ventricular output is pumped into the aorta via the 
ductus arteriosus. This is possible only if the pulmonary artery 
pressure is higher than the aortic pressure. In fact,the fetal right 
ventricular systolic pressure is a few mm Hg higher than the 
left ventricular systolic pressure. Corres pondingly, the wall 
thickness of the right and left ventricle is also equal.
 The right heart of the fetus serves to only receive the blood 
from the placenta as well as veins, and passes it on to the left 

side. It is the function of the left ventricle to distribute the blood 
to the whole body as well as the placenta for oxygenation. The 
relative distribution of the left ventricular output into these two 
channels is lop-sided, although appropriate. The peripheral 
resistance of fetal vessels is high because of the low level of 
fetal activity. On the other hand, the resistance of the placenta 
is low because of the large cross-sectional area of chorionic 
villi. Hence about 60% of the left ventricular output fl ows into 
the placenta, and only about 40% into the rest of the body.
 The oxygen saturation of the fetal ‘arterial’ blood is much 
lower than that of the adult. The fetus shows remarkable adap-
tation to the low PO2 in that its tissues as well as blood vessels 
are highly resistant to the effects of hypoxia. Another aspect 
of the adaptation to low PO2 is that fetal haemoglobin has a 
somewhat different oxyhaemoglobin dissociation curve as 
compared to adult haemoglobin (Fig. 3.16.3). Because of the 
higher affi nity of fetal haemoglobin to oxygen at low PO2, it 
can hold larger amounts of oxygen under hypoxic conditions.
 Fetal baroreceptors and chemoreceptors start function-
ing after the 28th week of intrauterine life. It implies that 
before that cardiovascular regulation is primarily by local 
mechanisms.

NEONATAL CIRCULATION
Birth is an important event in life. Within a very short time, the 
fetus is evicted from its sheltered environment into the harsh 
environment of the world. Besides the harsh environment, birth 
involves transition from a dependent to an independent exist-
ence. The nutritional, respiratory and excretory needs of the 
fetus are taken care of by the mother. But after birth, the new-
born has to fend for himself. The changes in circulation which 
are associated with birth are discussed below. All the factors 
responsible for the circulatory changes at birth are not known. 
But some of the associated factors which may contribute to the 
occurrence of the changes have also been discussed along with 
the changes.

Fig. 3.16.2: The design of fetal circulation shown schematically. 
(Reproduced, with permission, from Lippold O, Cogdell B. Physiology 
Illustrated. London : Edward Arnold, 1991, p. 18.18. Courtesy: Edward 
Arnold, A Division of Hodder and Stoughton).

Fig. 3.16.3: Oxygen dissociation curves for adult and fetal hemo-
glo bin compared (Reproduced, with permission, from Lippold O, 
Cogdell B. Physiology Illustrated. London: Edward Arnold, 1991, p. 
3.12. Courtesy: Edward Arnold, A Division of Hodder and Stoughton).
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 One of the fi rst circulatory signs of severing of ties between 
the mother and the baby is the sudden and marked reduction in 
blood fl ow through the umbilical vessels. It may be the com-
bined result of vasoconstriction due to cold, mechanical han-
dling of the umbilical cord, and secretion of catecholamines 
by the fetus due to stress. The process which nature initiates by 
vaso constric tion, the doctor completes by cutting the umbi lical 
cord.
 However, at the time of delivery there is enough blood in 
the fetoplacental unit to affect neonatal hemodynamics one 
way or the other depending on some actions of the doctor. The 
major factors are whether the doctor ‘milks’ the umbilical cord, 
the level at which he holds the infant immediately after deliv-
ery, and the time at which the umbilical cord is cut. Milking 
the cord can send so much blood to the infant that its circula-
tion may get overloaded. Therefore milking should normally 
not be done. The level at which the infant is held in relation to 
the vaginal opening determines whether the blood fl ows from 
the placenta to the infant or the other way round. It is on the 
whole better that some blood fl ows from the placenta to the 
infant. Therefore the infant should be held at or slightly below 
the level of the vaginal opening. Appreciable fl ow of blood 
from the placenta to the infant takes place only upto 40 s after 
delivery. Therefore the umbilical cord should be cut 20-40 s 
after delivery. Cutting it sooner would not allow suffi cient time 
for the blood to fl ow to the infant. Delaying the cutting more 
than 40 s may in fact lead to blood fl ow from the infant to the 
placenta, giving the infant hemorrhagic anemia.
 The cutting of the cord lends an air of fi nality to the inde-
pendence of the fetus, and it is now called a neonate. Absence 
of umbilical blood fl ow necessitates a series of changes for sur-
vival. Umbilical blood was, so far, bringing oxygenated blood 
to the baby. Stoppage of this blood fl ow lowers the PO2 and 
raises the PCO2 in the tissues of the newborn. This combined 
stress is called asphyxia. The details of how the body responds 
to asphyxia will be discussed in the section on Respiration 
(Section 4). But, as might be predicted teleologically, asphyxia 
stimulates respiration. Besides asphyxia, the stress of cold and 
pain also possibly create a strong respiratory drive in the new-
born, leading to the ‘cry’, which in fact is the fi rst deep breath. 
The fi rst few breaths have to be exceptionally deep to expand 
the collapsed lungs. Expansion of the lungs not only initiates 
breathing, it also opens up the pulmonary blood vessels, reduc-
ing pulmonary vascular resistance. Fall in pulmonary vascular 
resistance leads to a marked increase in blood fl ow through the 
lungs. It also leads to a fall in pressure in the pulmonary artery. 
That reverses the pressure gradient between the pul monary 
artery and aorta. Therefore, now blood fl ows from the aorta 
to the pulmonary artery through the ductus arteriosus. Ductus 
arteriosus remains patent for many hours to many days after 
birth. The permanent closure with fi brosis takes approximately 
2-3 wk. The factors which possibly contribute to the closure of 
the ductus arteriosus are:
a. rise in PO2 of neonatal blood due to the lungs becom ing 

functional. As seen earlier, high PO2 is a vaso cons trictor in 
several situations,

b. vasoconstrictor effect of catecholamines released due to the 
stress of birth, and

c. fall in levels of the prostaglandins PGE1 and PGE2 which 
help in keeping the ductus arteriosus patent during fetal life 
through their vasodilator effect.

 Stoppage of blood fl ow from the umbilical vein redu ces 
the fl ow into the right atrium. That, together with the ease with 
which right ventricular output can fl ow into the lungs reduces 
the right atrial pressure. These factors possibly play a role in 
closure of the foramen ovale, the valvular opening between the 
right and the left atrium. Now the entire venous fl ow into the 
right atrium can fl ow into the right ventricle, as in the adult.
 Reduction in the volume and pressure load of the right 
ventricle gradually leads also to an increase in left ventricular 
thickness as compared to the thickness of the right ventricle.
 In short, various events at birth contribute to the closure 
of three channels of communication: ductus venosus, ductus 
arteriosus, and foramen ovale. These open ings serve important 
functions in the fetus. But their closure is essential for nor-
malcy during extrauterine life. It is truly amazing how won-
derfully all associated events have been arranged by nature to 
achieve prompt closure of all the three channels after birth. 
Moreover, the plan almost always works. Occasionally, when it 
fails, it gives rise to congenital abnormalities which have been 
discussed briefl y below.

CONGENITAL HEART DISEASES
Congenital heart diseases are either due to a defect in the devel-
opment of the embryonic heart, or lack of perfection in the 
changes which normally occur at birth. The relatively common 
conditions are discussed below briefl y.

1. Atrial Septal Defect
There may be an opening in the septum between the two atria, 
generally due to a patent foramen ovale. A very small patent 
foramen ovale is quite common but does not give any symp-
toms. However, a large opening between the two atria creates 
problems because left atrial pressure is higher than the right 
atrial pressure. Flow of oxygenated blood from the left atrium 
into the right atrium wastes some of the effort of the lungs, 
increases the load on the right ventricle, and increases conges-
tion in the pulmonary circuit. On the other hand, reduction in 
availability of blood which can be pumped by the left ventricle 
compromises the ability of the individual for physical exer-
cise, which needs a high cardiac output to meet the enhanced 
demands of skeletal muscle. Such conditions in which blood 
fl ows from the left heart to the right heart are called left to right 
shunts.

2. Patent Ductus Arteriosus
A patent ductus arteriosus (PDA) results in fl ow of blood from 
the aorta to the pulmonary artery in keeping with the pressure 
gradient. Thus PDA also gives rise to a left to right shunt and 
its sequelae.

3. Tetralogy of Fallot
As the name suggests, this abnormality is a combination of 
four defects. They are:
a. Interventricular septal defect
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b. Overriding aorta
c. Pulmonary stenosis
d. Right ventricular hypertrophy.
 The last component is actually a consequence of pulmo-
nary stenosis. And, the fi rst two defects are also interrelated. 
The defect in the interventricular septum makes the aorta over-
ride the defective area so that the output of either ventricle can 
enter the aorta. Thus the basic defects in tetralogy of Fallot are 
communicating ventricles and an obstructed passage to the pul-
monary artery.

 In spite of right ventricular hypertrophy, blood fl ow to the 
lungs is reduced, partly due to pulmonary stenosis, and partly 
because the ventricular septal defect allows right ventricular 
output to be pumped also into the aorta. Reduction in pulmo-
nary blood fl ow limits the capacity for oxygenation of blood. 
And, entry of deoxygenated blood from the right ventricle into 
the aorta (right to left shunt) reduces the oxygenation of the 
arterial blood. Hence the major problem in tetralogy of Fallot 
is tissue hypoxia, which produces cyanosis (bluish discoloura-
tion of skin) as well as limits the capacity for physical exercise.
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4.1
Getting Introduced to 

Respiration

A living organism needs a constant supply of energy. In most 
forms of life, energy is obtained from oxidation of high-energy 
carbon compounds. The oxidation is carried out in several 
steps, and results in the formation of carbon dioxide. Energy 
released at each step is harnessed in the form of high energy 
compounds like adenosine triphos phate (ATP) with consider-
able effi ciency. The utilization of oxygen and the production of 
carbon dioxide represent only the overall results of biological 
oxidation.
 For a unicellular organism living in water, the physical 
process of diffusion (movement of molecules from a region 
of higher concentration to one of lower concen tration) across 
the surface of the organism is suffi cient to supply the required 
oxygen and to remove carbon dioxide. Higher animals are built 
up of astronomical number of cells (in an adult human, about 1 
× 1013 cells1 are believed to be present in the body), and many 
cells are too far removed from the external environment to be 
able to enter into gaseous exchange directly. Therefore, special 
mechanisms have to bring each cell in indirect contact with the 
external environment. The indirect mechanism employs a fl uid 
(interstitial fl uid) which comes in direct contact with every 
cell. The fl uid exchanges gases with each cell by diffusion just 
as the ocean exchanges gases with a unicellular organism. The 
fl uid, in turn, exchanges the gases with blood. The blood then 
exchanges gases with the external environment through the 
medium of the lungs. Thus the cells of a multicellular organism 
employ the interstitial fl uid, blood and lungs as intermediar-
ies to establish an indirect contact with the external environ-
ment. The exchange of gases at each level takes place by diffu-
sion across large surface areas provided by capillary networks. 
The lungs act as a centralized area for collection of oxygen for 
the whole body for distribution by the blood. Also, the lungs 
receive the carbon dioxide collected from the whole body and 
discharge it into the atmosphere (Fig. 4.1.1).

1 The total number of human cells in a person is about 1013 but if we include also the bacterial cells present in the gastrointestinal tract, the number rises 
to 1014. The difference between 1013 and 1014 seems to be small, but 1013 is only 10% of 1014 . Thus about 90% of our cells are bacterial cells! Mark 
Twain once said that only three categories of people are entitled to use ‘we’ instead of ‘I’ while referring to themselves: kings, editors, and those harbor-
ing tapeworms. Probably he was not aware of the large bacterial population residing in each of us. If we take that into account, each one of us is entitled 
to behave like a king!

Fig. 4.1.1: The purpose of respiration is on one hand to collect oxygen 
from the external environment and to deliver it to the tissues, and on 
the other to collect carbon dioxide from the tissues and to release it 
into the external environment. The lungs, blood and interstitial fl uid 
act as intermediaries in the process. A, arterial side; and V, venous 
side of the circulation.

GAS LAWS

Before we proceed further, it will be worthwhile at this stage 
to revise our knowledge of the behaviour of gases. Of the three 
states of matter, solid, liquid and gas, the gaseous state pro-
vides maximum freedom and mobility to its molecules. The 
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gas molecules are in continuous motion, moving through space 
at high velocity and being defl ected from their course only 
upon collision with other gas molecules or with boundaries of 
the space in which they are confi ned. Such movements result in 
a bombard ment of the confi ning walls, which is responsible for 
the pressure or tension of the gas. The greater the number of 
molecules in any given space, and the higher their mean veloc-
ity, the more frequent will be the impacts, and consequently 
higher the pressure.

Boyle’s Law
If the volume of a given mass of gas is reduced, the molecules 
are brought closer together and the rate of bombardment per 
unit surface area increases, the increase manifesting as a rise 
in pressure (Fig. 4.1.2). The quantitative relationship between 
pressure (P) and volume (V) of a gas is expressed by Boyle’s 
law, which states that at constant temperature the pressure of a 
given mass of gas is inversely proportional to its volume (P  
l/V), i.e. PV = constant.

Avogadro’s Hypothesis
According to Avogadro’s hypothesis equal volumes of differ-
ent gases at the same pressure and temperature contain the 
same number of molecules. Thus a gram molecule of any gas 
at STPD (0°C, 760 mm Hg pressure, dry) occupies a volume of 
22.4 litres.

Charles’ Law
Since the mean kinetic energy of gas molecules is related to 
temperature, a rise in temperature increases the velocity of gas 
molecules. Increase in velocity of molecules within a given 
space increases the pressure exerted by the gas (Fig. 4.1.3). 
According to Charles’ law the pressure of a gas at constant 
volume (or the volume at constant pressure) is proportional to 
the absolute temperature (T), i.e. P/T = constant (at constant V) 
or V/T = constant (at constant P).

Gas Equation
The ideal gas law is a quantitative expression of the foregoing 
principles:
 PV = n RT, where P is the pressure, V is the volume, n is the 
number of gram molecules of the gas, R is the ‘gas constant’ 
and T is the absolute temperature. When the units employed 
are atmospheres, litres and centigrade, R = 0.082, subject to 
small corrections.

Diffusion
Let us imagine two collections of gases at two different pres-
sures. The random molecular motion in the gas at higher 
pressure is more frequent than in the gas at lower pressure. 
Therefore, if these two collections are put in communication 
with each other, the number of molecules passing from the gas 
at higher pressure to that at lower pressure will exceed those 
travelling in the opposite direction. This process will continue 
till the molecules are evenly distributed throughout the space 
and the pressure is also equal throughout (Fig. 4.1.4). The 
process of movement of a gas from a higher pressure to an area 
at lower pressure is called diffusion. The rate of diffusion of 

Fig. 4.1.2: Boyle’s law. The arrows represent the random molecular 
motion which is responsible for pressure.

Fig. 4.1.3: Charles’ law. As the temperature increases, the kinetic 
energy of random molecular motion increases, and hence the 
pressure increases.

Fig. 4.1.4: Diffusion. 1. Two sealed containers A and B. Both contain 
the same gas but its concentration is higher in A than in B. 2. The 
seals are removed and A and B are joined to form a single chamber. 
3. The end result of diffusion.

a gas at a given temperature is inversely proportional to the 
square root of its density (or molecular weight). Thus hydrogen 
diffuses four times as rapidly as oxygen.
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Dalton’s Law of Partial Pressure
In a mixture of two or more gases, the molecules of each gas 
get evenly distributed in the mixture and each gas exerts a pres-
sure according to its concentration, and independently of the 
other gases present (Fig. 4.1.5). The pressure of each constitu-
ent is referred to as its partial pressure or tension and the total 
pressure is the sum of the partial pressures of all gases present.

Henry’s Law
When a gas is brought in contact with a liquid, the gas mol-
ecules bombard the surface of the liquid and pass into it, or 
dissolve. But the dissolved gas molecules also tend to escape 
from the liquid due to the same random molecular motion. 
After a time the rate of escape equals the rate of entry. When 
this equilibrium is reached, the solution is said to be saturated, 
if no chemical reaction is involved in the process. Henry’s law 
states that the concentration of a gas in solution at equilibrium 
is directly proportional to its partial pressure in the gas phase.
 In other words,
 Concentration (in mL gas/mL solution) = Absorption coef-
fi cient × Tension (pressure in atmospheres),
 where absorption coeffi cient is a constant. If the absorption 
coeffi cient is known, it is a simple matter to calculate the ten-
sion from concentration of a gas in solution and vice versa.
 The absorption coeffi cients of physiological gases in blood 
at 37°C are as follows: oxygen, 0.0235; carbon dioxide, 0.48; 
and nitrogen, 0.0132. Thus, in arterial blood, where oxygen 
tension is about 100 mm Hg, the amount of dissolved oxygen 
would be 0.0235 × 100/760 = 0.003 mL/mL blood, or 0.3 mL 
oxygen/100 mL blood.
 The solubility of a gas is not affected by the presence of 
other gases; each gas in a mixture dissolves in accordance with 
its own partial pressure and absorption coeffi cient. In general, 
the solubility of a gas is decreased by an increase in tempera-
ture2 and presence of salts and other solutes in the liquid.

Water Vapour
The aqueous tension or water vapour pressure attained at equi-
librium is not affected by the presence or absence of other 
gases. It depends simply upon the temperature. At body tem-
perature (37°C), the water vapour tension is 47 mm Hg.

SYMBOLS AND ABBREVIATIONS USED IN 
RESPIRATORY PHYSIOLOGY

It saves time and improves precision if we use symbols for 
commonly used terms. In respiratory physiology there are 
some internationally accepted symbols which we shall be using 
throughout the section. Understanding these symbols is far 
easier than it looks because they are quite logical. However, 
attention to detail is important because many symbols some-
times differ only in minute details.
 The following is a list of internationally accepted symbols 
and abbreviations used in pulmonary physiology:

Fig. 4.1.5: Dalton’s law of partial pressure. Two gases, when alone, 
exert pressures P1 and P2 respectively. When the same quantities of 
the two gases are present together in the same volume, they exert 
pressure P1 + P2.

2 This is in contrast with solubility of solids. In general, the solubility of a solid increases at a higher temperature, while that of a gas decreases. Can you 
reason it out in light of the kinetic theory of gases discussed above?

1. For Gases

Primary Symbols (Large Capital Letters)

V Gas volume
V Gas volume/unit time
P Gas pressure
P Mean gas pressure
F Fractional concentration dry gas phase
D Diffusing capacity
R Respiratory exchange ratio or
 respiratory quotient, VCO2/VO2

Secondary Symbols (Small Capital Letters,
Placed as Subscripts)
I Inspired gas
E Expired gas
A Alveolar gas
T Tidal air (gas)
D Dead space gas
B Barometric pressure
STPD 0°C, 760 mm Hg, dry.
BTPS body temperature and pressure, saturated with water 
vapour.

2. For Blood

Primary Symbols (Large Capital Letters)

Q Volume of blood
Q Volume fl ow of blood/unit time
C Concentration of gas in blood phase
S% Saturation of Hb with O2 or CO2

Secondary Symbols (Small Letters, Placed as
Subscripts)
a Arterial blood
v Venous blood
c Capillary blood
b Blood in general
s Steady state
 Dash above any symbol indicates a mean value. Dot above 
any symbol indicates a time derivative (i.e. rate).
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 If you have a general idea of these symbols, move on fur-
ther. Place a bookmark at this page so that you can fi nd it easily 
again. Do not hesitate to consult this page whenever necessary.

FUNCTIONAL ANATOMY OF THE RESPIRATORY 
SYSTEM

The respiratory system consists of a series of tubes (air ways) 
which convey air to a pair of organs (lungs) where intimate 
association with blood allows oxyge nation of blood and 
removal of carbon dioxide from the blood. Air containing the 
expelled carbon dioxide is conveyed by the airways to the 
atmosphere (Fig. 4.1.6).
 The upper respiratory tract consists of the nose. The nasal 
mucosa is moist, vascular and ciliated, and hence the dust par-
ticles in the inspired air are trapped in the mucus lining in the 
nasal mucosa and swept by the cilia. Further, the vascularity of 
the mucosa warms up the inspired air.
 The pharynx is used by both respiratory and digestive sys-
tems and has attributes of both. The nasopharynx is normally 
concerned with respiration only, and accor dingly is lined with 
pseudostratifi ed ciliated columnar epithelium. On the other 
hand, both the oropharynx and laryngeal pharynx are lined with 
stratifi ed squamous epithelium like the oral cavity. Stratifi ed 
squamous epithelium can withstand wear and tear by coarse 
food particles much better than the columnar epithelium. The 
trachea and the larger airways which arise from it are sup-
ported by cartilage rings or plates which progres sively decrease 
in extent with every successive branching. Simultaneously, 
the relative amount of smooth muscle increases with branch-
ing. Finally the airways open into millions of extremely thin 
walled air sacs, the alveoli, where gas exchange takes place 
(Fig. 4.1.7).
 Two important non-respiratory functions are also per-
formed by the respiratory tract. The olfactory area, located in 
the upper part of each nasal cavity, serves the function of smell. 
The larynx contains vocal cords which are involved in the pro-
duction of sound.
 The trachea divides into two main bronchi, which subdi-
vide repeatedly into smaller and smaller bronchi. The bronchial 
epithelium is pseudostratifi ed ciliated and contains numerous 
goblet cells. Hence the process of cleansing of the inspired air 
which started in the nose continues in the trachea and bronchi. 
The trapped particulate matter is swept by the cilia towards the 
pharynx where it is periodically swallowed with the saliva.
 The bronchi further subdivide into airways which are pro-
gressively narrower but so much more numerous that the cross-
sectional area keeps increasing in each successive generation 
of airways. The names given to the successive generations after 
the bronchi are bronchioles, terminal bronchioles, respiratory 
bronchioles, alveolar ducts, and alveolar sacs made up of the 
alveoli. There are altogether about 14 million alveolar ducts 
and sacs, which contain the greater portion of the 300 million 
alveoli present in the lungs. Each alveolus has a diameter of 
250 to 300 microns when fully infl ated. Alveoli are polygo-
nal and have a continuous lining formed of extremely fl attened 

epithelial cells (type I cells). At the angles of the alveoli are 
somewhat taller cells with oval nuclei and granular cytoplasm. 
These corner cells which are known as type II or septal cells 
have many mito chondria, are metabolically highly active and 
are thought to secrete the surface-active material which lines 
the alveolar surface. Another function of type II cells is to serve 
as precursors of type I cells. The total alveolar surface area is 
about 100 sq meters. This enormous area and the thin alveolar 
wall make the alveoli ideal structures for bringing about gas 
exchange.

Fig. 4.1.6: Diagrammatic representation of structure of the respiratory 
system.

Fig. 4.1.7: Schematic diagram of the alveolo-capillary gas-exchange 
unit. (Reproduced, with permission, from Bijlani RL, Manchanda 
SK. The Human Machine: how to prevent breakdowns. New Delhi: 
National Book Trust, 1990).
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 The composition of inspired air is the same as that of the 
atmospheric air. But by the time the air reaches the trachea, it 
is saturated with water vapour. At 37°C, water vapour exerts a 
pressure of 47 mm Hg, and that brings about a slight change in 
partial pressure of the gases present in air.
 In the alveoli, some oxygen is removed from the air, and 
some carbon dioxide is added to it. Under most circumstances, 
the volume of carbon dioxide added is slightly less than that 
of the oxygen removed.4 These processes get refl ected in the 
composition of the alveolar air.
 When air is breathed out, the portion breathed out fi rst is 
the air from the airways, which has nearly the same compo-
sition as the inspired air. As expiration proceeds, the share of 
alveolar air increases till fi nally the end-expiratory air is identi-
cal with alveolar air. Hence mixed expired air has composition 
intermediate between inspired air and alveolar air.
 The composition of atmospheric, tracheal, alveolar and 
expired air is given in Table 4.1.1, and can be understood in 
terms of the principles outlined above.

VOLUMES AND CAPACITIES
Pulmonary function is frequently measured in terms of volume 
of air moved by the lungs under clearly defi ned conditions. 
Volumes are basic entities while capacities are derived from 
volumes. Each capacity is the sum of two or more volumes. 
Understanding the volumes and capa cities is a fundamental 
part of pulmonary physiology. For tunately most of the terms 
are simple and self-expla natory. You would fi nd it useful to 
form a mental picture of each volume as you read its descrip-
tion below. Forming the mental picture would be easier if you 
breathe as indicated in the description immediately after read-
ing it.

Co-Ordinated Clean-Up

We take clear airways for granted until we fi nd them clogged 
with secretions in disease states, such as cystic fi brosis. 
Keeping the airways clear involves more than the sweep-
ing activity of cilia. The ciliary motion is effective only if the 
foreign particulate matter has been trapped by the mucus, 
and yet the surface liquid is not too viscous. A sudden entry 
of particles should therefore stimulate a coordinated secre-
tion of mucus and water, and ciliary activity. The coordi-
nation involves paracrine communication between the 
goblet cells and ciliated cells, and the chemicals which carry 
the messages are ATP and related nucleotides. Lungs are 
not the only site where such communication takes place. 
Nucleotides seem to be the signaling molecules in virtually 
all non-excitatory tissues such as epithelia, smooth muscle, 
fi broblasts, blood cells and neuroglia.

3 Composition refers to the percentage of each gas in the air. The percentage of oxygen and nitrogen in the air is about 20 and 80% respectively irrespec-
tive of altitude, but the atmospheric pressure changes with altitude. Hence PO2 also changes with altitude. For example, the atmospheric pressure is 
760 mm Hg at sea level and 400 mm Hg at 5000 meters above sea level. Hence PO2 will be 20% of 760 (i.e. 152 mm Hg) at sea level, and 20% of 400 
(i.e. 80 mm Hg) at 5000 meters above sea level.
4 For a more detailed treatment of this aspect, refer to Respiratory Quotient (Chapter 7.2). Respiratory Quotient is the ratio of the volume of carbon diox-
ide produced to that of oxygen consumed. On a mixed diet, it is about 0.8 in the postabsorptive state.

Table 4.1.1: Composition of air in relation to respiratory phases and regions1

 Atmospheric air 2 Tracheal air 3 Alveolar air Expired air

Constituent % Partial pressure % Partial pressure % Partial pressure % Partial pressure
  (mm Hg)  (mm Hg)  (mm Hg)  (mm Hg)

Oxygen 20.93 157.0 20.93 149.2 14.0 99.8 16.23 115.7
Carbon 0.04 0.3 0.04 0.3 5.6 39.9 4.05 28.9
dioxide
Nitrogen 79.03 592.7 79.03 563.5 80.4 573.2 79.72 568.4
Water  10.0  47.0  47.0  47.0
vapour
Total 100 760 100 760 100 760 100 760

1 All partial pressures are at sea level. The % composition is independent of altitude. Percentage composition is based on the assumption that 
air is dry. Partial pressures take water vapour pressure into account.
2 Assuming water vapour pressure to be 10 mm Hg
3 At the end of inspiration. At the end of expiration, it will be identical with alveolar air.

COMPOSITION OF INSPIRED, EXPIRED AND 
ALVEOLAR AIR

The composition of atmospheric air is essentially constant, be 
it at sea level or on a mountain top.3 Carbon dioxide content 
of air, however, shows a slight variation, being more in large 
cities and industrial areas.
 Knowing the fractional concentration of a gas in the air, its 
partial pressure can be easily calculated. For example, at sea 
level, atmospheric pressure is 760 mm Hg. Suppose humidity 
on a particular day is such that water vapour exerts a pressure 
of 10 mm Hg. Then 760 – 10 = 750 mm Hg is the pressure of 
all the other gases in air. Suppose oxygen forms 20% of the air. 
Then partial pressure of oxygen

(PO2) = 750 × 20/100 = 150 mm Hg
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Tidal Volume
It is the volume of air breathed in or out in one breath. The 
volume breathed out is slightly less than that breathed in 
as explained earlier.4 Hence if one wishes to be strict, tidal 
volume is measured as the volume breathed out. There is nor-
mally considerable breath to breath variation in tidal volume 
(TV). Therefore a more reliable estimate of TV is obtained 
from the average of a few breaths.

Inspiratory Reserve Volume
It is the maximum volume of air that can be breathed in over 
and above the volume normally breathed in at rest. Inspiratory 
muscles have to be used to their maximum capacity to inhale 
the inspiratory reserve volume (IRV).

Expiratory Reserve Volume
It is the maximum volume of air that can be breathed out over 
and above the volume normally breathed out at rest. Expiratory 
muscles have to be used to their maximum capacity to expel 
the expiratory reserve volume (ERV).

Residual Volume
It is the volume of air remaining in the lungs at the end of a 
maximal expiration. Residual volume (RV) is a volume which 
you can easily imagine, but you cannot breathe it in or out the 
way you could the previous three volumes.

Total Lung Capacity
It is the volume of air in the lung at the end of a maximal inspi-
ration. In other words, total lung capacity (TLC) = TV + IRV 
+ ERV + RV.

Inspiratory Capacity
It is the maximum volume of air that can be breathed in start-
ing with the resting end-expiratory position. In other words, 
inspiratory capacity (IC) = TV + IRV.

Functional Residual Capacity
It is the volume of air remaining in the lungs at the end of a 
normal expiration at rest. In other words, functional residual 
capacity (FRC) = ERV + RV.

Vital Capacity
It is the maximum volume of air that can be breathed out after 
a maximal inspiration. Clearly, vital capacity (VC) = IC + ERV 
= IRV + TV + ERV. VC may be measured by asking the sub-
ject to breathe out as forcefully as possible after a maximal 
inspiration (one stage VC), or the process may be split into 
two stages. Two stage VC is measured by asking the subject 
to fi rst breathe out normally after a maximal inspiration (stage 
1). Then he takes a few normal breaths. After that he is asked 
to breathe out as much air as possible after a normal expira-
tion (stage 2). The sum of stage 1 and 2 volumes gives the two 
stage VC. Two stage VC is slightly larger than one stage VC. 
VC without qualifi cation refers to one stage VC.

 Sometimes while measuring VC the subject is addition-
ally instructed to breathe out not only as much air as possi-
ble, but also as fast as possible. VC measured in this way is 
called timed vital capacity. Normally, about 80% of the VC is 
breathed out in the 1st sec of expiration. The fraction of VC 
breathed out in the 1st sec is termed FEV1. FEV1 is reduced in 
obstructive lung diseases.5

 The various lung volumes and capacities have been shown 
diagrammatically in Figure 4.1.8 and the normal values for a 
healthy adult male have been given in Table 4.1.2.
 Since the gas volumes change with pressure and temper-
ature, lung volumes and capacities measured under different 
conditions are not comparable.
 Therefore, the volumes are generally changed to BTPS 
(body temperature and pressure, saturated with water vapour), 
or STPD (standard temperature and pressure, dry) by using 
the gas equation. For example, suppose vital capacity of an 
individual is 4 litres when measured at an altitude of 5,000 
metres where the atmospheric pressure is 400 mm Hg and the 
ambient temperature in the lab is 17°C. Since the spirometer 
is at the ambient temperature, and the gas in the spirometer is 
saturated with water vapour, the measured VC of 4 litres is at 
ATPS (ambient temperature and pressure, saturated with water 
vapour). The aqueous vapour pressure at 17°C is 15 mm Hg, 
and at body temperature (37°C) it is 47 mm Hg.

 Since P1V1/T1 = P2V2/T2
  V2 = V1.P1/P2.T2/T1
 Hence VC at BTPS  = 4 × (400 – 15)/(400 – 47)
    × (273 + 37)/(273 + 17)
   = 4 × 385/353 × 310/290
   = 4.6 litres
and VC at STPD  = 4 × (400 – 15)/760 × 273/(273 + 17)
   = 4 × 385/760 × 273/290
   = 1.9 litres

 Tables giving atmospheric pressure at different altitudes 
and aqueous vapour pressure at different temperatures are 
available in reference books on respiration. But an understand-
ing of above calculations is important for an intelligent use of 
those tables.

Table 4.1.2: Lung volumes and capacities in 
healthy adults males*

Volume/capacity Value (L)

Tidal volume 0.5
Inspiratory reserve volume 3.0
Expiratory reserve volume 1.0
Residual volume 1.0
Total lung capacity 5.5
Inspiratory capacity 3.5
Functional residual capacity 2.0
Vital capacity 4.5

*Approximate values, rounded to the nearest half litre.

5 For a more detailed treatment of this aspect, see Chapter 4.4.
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SOME MORE VOLUMES RELEVANT TO 
PULMONARY PHYSIOLOGY

Minute Volume
It is the amount of air breathed in or out by the lungs in one 
minute.
 Minute volume (MV) = Tidal volume × respiratory rate per 
minute.

Maximum Voluntary Ventilation
It is the maximum amount of air that can be breathed out by the 
lungs in one minute. To determine maximum voluntary ven-
tilation (MVV),6 the subject is asked to breathe as fast and as 
deeply as possible for 15 sec. The total volume of air breathed 
out in 15 sec is multiplied by 4 to get MVV.

Breathing Reserve
MVV is the maximum breathing capacity of an indivi dual, 
while MV is the ventilation actually carried out at rest. The dif-
ference between the two is the reserve that may be used when 
required. The difference is called the breathing reserve (BR).

BR = MVV – MV
 Let us consider some arbitrary fi gures for an adult to get an 
idea of the magnitude of BR.
 Suppose TV = 500 mL
  Respiratory rate = 14/min
  MV = 500 × 14 mL/min
   = 7000 mL/min
   = 7 L/min
 Suppose MVV = 100 L/min
 Then BR = 100 – 7 L/min
   = 93 L/min.

 In this example, the subject holds 93% of his breathing 
capacity in reserve. It is not at all unusual for healthy per-
sons to use less than 10% of their MVV at rest, mobilising the 
reserve during exercise. Here is yet one more striking example 
of physiological reserve.

Dead Space
When air is breathed in, only the air that reaches the alveoli 
participates in gas exchange. The air in the airways is breathed 
out unchanged. Hence the airway space behaves as function-
ally dead so far as gas exchange is concerned. The volume 
of this space is about 150 mL in an adult. In addition to this 
‘anatomical’ dead space, for which there is obvious structural 
basis, there may also be some alveoli which are inadequately 
perfused (Fig. 4.1.9). Since these alveoli also behave like dead 
space, ventilation to such alveoli is also included in the ‘physi-
ological’ dead space. For a more detailed discussion of dead 
space, see Chapter 4.6.

Pulmonary Ventilation and Alveolar Ventilation
Minute volume (MV), as discussed earlier, is considered a 
measure of pulmonary ventilation. But dead space reduces 
the volume of air reaching the alveoli and participating in gas 
exchange. The amount of air partici pating in gas exchange may 
be assessed from alveolar ventilation which is calculated as 
follows:
 suppose TV = 500 mL
  Dead space = 150 mL
  Respiratory rate = 14/min
 Alveolar ventilation  = (500 – 150) × 14 mL/min
   = 350 × 14 mL/min
   = 4900 mL/min
 Pulmonary ventilation  = 500 × 14 mL/min
  = 7000 mL/min

Fig. 4.1.8: Lung volumes and capacities. Diagrammatic repre-
sentation of a spirographic tracing: inspiration upwards, expiration 
downwards. TV, tidal volume; IRV, inspiratory reserve volume; IC, 
inspiratory capacity; ERV, expi ratory reserve volume; RV, residual 
volume; FRC, functional residual capacity; VC, vital capacity; TLC, 
total lung capacity.

6 Maximum ventilation is determined for only 15 sec although we want a one-minute value because it is dangerous for the subject to breathe fast and 
deep for more than 15 sec. Prolonged hyperventilation washes out carbon dioxide which leads to cerebral vasoconstriction. For details, see Chapter 4.6.

Fig. 4.1.9: Dead space. Airways (1,2,3) constitute the anatomical 
dead space. An alveolus which is not perfused with blood (4) is also 
functionally like the airways and forms a part of the physiological 
dead space. A normally perfused alveolus has been shown for 
comparison. Although total absence of perfusion is an extreme 
situation, inadequately perfused alveoli also contribute to the dead 
space.
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ANSWER AND SOLUTION

1.

 S. Tidal Respiratory Dead Pulmonary Alveolar
 No volume rate space ventilation ventilation
  (ml) (per min) (ml) (L/min) (L/min)

 1. 600 10 150 6 4.5
 2. 400 15 150 6 3.75
 3. 300 20 150 6 3.0
 4. 200 30 150 6 1.5
 5. 150 40 150 6 0.0

 A. i. Higher the tidal volume, greater the alveolar 
ventilation.

 ii. Lower the respiratory rate, greater the alveolar venti-
lation, and

 iii. Deep and slow breathing is more effi cient from the 
point of view of alveolar ventilation.

 B. Shallow and rapid breathing is desirable when its pur-
pose is to lose heat by evaporation of saliva. That 
is why panting of a dog does not lead to alveolar 
hyperventilation.

  Shallow and rapid breathing is also resorted to by 
patients with restrictive lung disease because they have 
to make the best of a bad situation. This will become 
more clear in Chapter 4.4.

 Many aspects touched upon in this chapter have been 
discussed in greater depth later. With this preliminary back-
ground, now you are well equipped to grasp the details given in 
the subsequent chapters.

QUESTION AND PROBLEM
1. Complete the following table.

 S. Tidal Respiratory Dead Pulmonary Alveolar
 No. volume rate space ventilation ventilation
 (mL) (per min) (mL) (L/min) (L/min)

 1. 600 10 150
 2. 400 15 150
 3. 300 20 150
 4. 200 30 150
 5. 150 40 150

 A. Since alveolar ventilation is the physiologically useful 
fraction of pulmonary ventilation, what does the above 
table tell you about

 i. the effect of tidal volume on alveolar ventilation
 ii. the effect of respiratory rate on alveolar ventilation, 

and
 iii. the more effi cient pattern of breathing: deep and slow 

vs shallow and rapid
 B. Is there any situation in which shallow and rapid breath-

ing becomes desirable?
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4.2
The Oxygen Trap, 

Transport and Transfer

The inspired air has some oxygen. During its stay in the lungs, 
a part of the oxygen is trapped by the blood passing through the 
pulmonary capillaries. The oxygenated blood travels through-
out the body, and drops oxygen in various tissues as and where 
required. The deoxygenated blood returns to the lungs to entrap 
more oxygen. Thus the mecha nism by which atmospheric 
oxygen is provided to the tissues has three main components. 
First, entrap ment of oxygen from the alveoli by pulmonary cap-
illaries; second, transport of oxygen in the blood; and fi nally, 
transfer of oxygen from the blood to the tissues (Fig. 4.2.1). 
In this chapter we shall try to understand these three processes 
one by one.

THE OXYGEN TRAP
Oxygen is transferred from the alveoli to the pulmonary capil-
laries by the process of diffusion.
 Diffusion results in net transfer of oxygen from the alve-
oli to the pulmonary capillaries because of difference in the 
partial pressure of oxygen (PO2) across the alveolar capillary 
membrane. At sea level, the alveolar PO2 is about 100 mm Hg 
while the pulmonary capillary PO2 at the point of entry is about 
40 mm Hg. The diffusion is normally so rapid that the PO2 in 
the alveoli and capillaries becomes nearly equal by the time 
the blood has traversed only about one-third the length of the 
pulmonary capillary. Assuming a heart rate of 80 per min, the 
blood spends 0.75 s in the pulmonary capillary during each 
cardiac cycle. Thus equilibration of PO2 between the alveoli 
and pulmonary capillaries takes only 0.25 s. The advantage of 
this enormous physiological reserve is that adequate oxygen 
transfer can take place even during exercise when the heart rate 
is increased (and hence the time taken by the blood to traverse 
pulmonary capillaries is reduced), and the venous blood PO2 is 
lower (and hence the amount of oxygen transferred increases). 
The extremely rapid diffusion of oxygen is made possible by 
two anatomical features of the lung: the large surface area 
of alveoli, and the extreme thinness of the alveolar-capillary 
membrane. If the alveolar surface of both lungs were spread 
out, it has been estimated that it would cover 50 to 100 square 
metres, which is the surface area of a very big room. The aver-
age thickness of the alveolar capillary membrane is only 0.6 
micrometre, and at some places it is as little as 0.2 micrometre. 
Since the breathing is deeper during exercise, lungs are infl ated 

Fig. 4.2.1: The three components of the mechanism by which 
atmospheric oxygen is provided to tissues (1,2 and 3). The 
corresponding steps in elimination of carbon dioxide have also been 
indicated (I, II and III). Blue arrows, oxygen; black arrows; carbon 
dioxide.

more during inspiration. Hence the surface area becomes even 
larger, and the thickness of the alveolar capillary membrane is 
further reduced during exercise, thereby facilitating diffusion.

Alveolar-capillary (or Respiratory) Membrane
The alveolar-capillary membrane is so thin that it is diffi cult to 
make out any details of its structure under the light microscope. 
Therefore, there was a time when it was debated whether the 
alveoli even have an epithelial lining. But electron microscopy 
has made it possible to resolve the thin alveolar-capillary mem-
brane into several layers. Further, oxygen is carried not only in 
the dissolved form in the plasma but also in combination with 
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haemoglobin in the red blood cells (RBCs). Thus, while diffus-
ing from the alveoli to the blood, oxygen passes through the 
following layers (Figs 4.2.2A and 2B):
1. Fluid lining the alveoli
2. Alveolar epithelium
3. Epithelial basement membrane
4. Interstitial fl uid
5. Capillary basement membrane
6. Capillary endothelium
7. Plasma
8. RBC membrane
 In thin areas of the alveolar-capillary membrane, the inter-
stitial space may not be seen, and the epithelial basement 

membrane and capillary basement membrane may appear 
fused even under the electron microscope. The basement mem-
brane is thin but strong. The strength is imparted by type IV 
collagen. That is how the alveolar-capillary membrane meets 
two confl icting requirements: it must be thin enough to permit 
diffusion, and it must be strong enough to withstand the high 
capillary pressure during exercise.

Role of Haemoglobin in the Oxygen Trap
Haemoglobin has a great affinity for oxygen. It combines 
reversibly with oxygen. As the concentration of oxygen (or 
PO2) increases, more and more oxygen combines with hae-
moglobin till an upper limit is reached. If the concentration of 
oxygen falls, oxyhaemoglobin disso ciates equally easily, the 
degree of dissociation again depending on the extent of the fall 
in oxygen concen tration. Therefore, as oxygen diffuses into the 
blood, it combines with haemoglobin. However, the oxygen, 
in combination with haemoglobin, does not contribute to the 
PO2 of blood. Therefore the alveolar-capillary gradient of PO2 
is maintained much longer than it would be if haemoglobin 
were not present. The sequence may be visualised as follows 
(Fig. 4.2.3):
1. Oxygen diffuses from the alveoli into the plasma due to the 

PO2 gradient.
2. To start with, the PO2 in the RBC fl uids is the same as in the 

plasma. As soon as diffusion from the alveoli to the plasma 
raises the PO2 of plasma above that of the RBC fl uids, oxy-
gen diffuses from the plasma into the RBC.

3. As soon as oxygen enters the RBC, it combines with hae-
moglobin, which mops up oxygen but does not let PO2 rise. 
The process continues till haemoglobin cannot pick up any 
more oxygen.

Fig. 4.2.2A: Diagrammatic representation of alveoli and pulmonary 
capillaries where they come in relation to each other.

Fig. 4.2.2B: An enlarged version of a small part of the surface where 
alveolar and capillary membrane are in close contact. The arrows 
indicate the diffusion of oxygen and carbon dioxide.

Fig. 4.2.3: The path of diffusion of oxygen from an alveolus to a 
pulmonary capillary. ALV, alveolus; F, interstitial fl uid; P, plasma; Hb, 
haemoglobin; RBC, red blood cell. Each molecule of Hb can carry 
up to 4 molecules of oxygen.
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4. Then the PO2 in the RBC fl uids rises to equal that in the 
plasma and diffusion from the plasma to RBC stops.

5. After that the PO2 in the plasma also rises to equal that in 
the alveoli, and consequently diffusion from the alveoli to 
the plasma stops.

 The entire process takes only 0.25 s as we have seen earlier, 
but it can be split into the sequence outlined here. The presence 
of haemoglobin makes an enormous differ ence to the amount 
of oxygen transferred. By mopping up oxygen without let-
ting the PO2 rise, it lets the diffusion of oxygen continue much 
longer. As calculated in Chapter 4.1, at a PO2 of 100 mm Hg 
and 37°C, there can be only 0.3 mL oxygen per 100 mL plasma 
in the dissolved form. But the presence of haemoglobin makes 
it possible for arterial blood to carry about 20 mL oxygen per 
100 mL blood. While the PO2 gradient determines the direction 
of movement of oxygen, it is actually haemoglobin that lays 
the trap for carrying large amounts of oxygen in the blood.

Importance of Dissolved Oxygen
Although the solubility of oxygen is low, and the amount 
dissolved is very small, its importance in the mechanism of 
oxygen transfer is obvious from the above account. Every 
molecule of oxygen has to dissolve in the fluid lining the 
alveoli, then the plasma, and fi nally the RBC fl uids before it 
combines with haemoglobin. Further, since the direction of 
fl ow of oxygen depends on the PO2 gradient, and PO2 depends 
on the concentration of dis solved oxygen, it is the concentra-
tion of dissolved oxygen which determines the direction of gas 
fl ow.

Shunts
Some blood passing through the lungs circulates to areas such 
as bronchioles where gas exchange is impossible, or through 
poorly aerated alveoli. These vessels are called shunts. This 
blood has a low PO2 as compared to the fully oxygenated 
blood in pulmonary capillaries leaving well aerated alveoli 
(Fig. 4.2.4). The amount of blood circu lating through shunts 
is normally small, but it does bring about a small fall in PO2 
of the fully oxygenated blood when the two mix. Therefore 
the pulmonary vein blood has a PO2 of about 95 mm Hg as 

compared to 100 mm Hg in the alveoli (and presumably also 
the blood leaving the well aerated alveoli).

Dead Space
In contrast with the situation discussed above, there are some 
alveoli which are well aerated but poorly supplied with blood 
(perfused). These alveoli do not contribute to gas exchange, 
and hence, functionally, behave like the airways. Such space, 
which contributes to ventilatory effort but does not contrib-
ute to gas exchange is called dead space (Fig. 4.1.9). Since 
poorly perfused alveoli are not structurally obvious, this cat-
egory of dead space contributes to the physiological dead 
space. The deter mination of dead space has been discussed in 
Chapter 4.6.

Ventilation-perfusion Relationship
As seen above, poorly ventilated but well perfused alveoli con-
stitute shunts which lower arterial PO2, and well ventilated but 
poorly perfused alveoli constitute dead space which adds to the 
ventilatory effort without doing anything very useful in terms 
of gas exchange (Fig. 4.2.4). Therefore an appropriate alveo-
lar ventilation-perfusion (VA/Q) ratio is essential for optimal 
respiratory function. Considering both the lungs together as a 
whole, the normal alveolar ventilation is about 4 L/min, and 
the normal perfusion is equal to the cardiac output, i.e. about 5 
L/min. Thus the overall ventilation:perfusion ratio is 4:5 or 0.8. 
However, the overall ventilation:perfusion ratio is misleading 
because neither ventilation not perfusion is uniform throughout 
the lung. The apices are both poorly ventilated and poorly per-
fused as compared to the bases of the lungs. But the perfusion 
falls more steeply at the apices as compared to ventilation (Fig. 
4.2.5). As a result, the ventilation:perfusion ratio at the apices 
is 3.3, while at the bases it is 0.6. Since ventilation is far in 
excess of the perfusion at the apex, comparatively little oxygen 
is transferred from the alveoli to the blood, and carbon dioxide 
transferred to the alveoli is also less. Hence the gas tensions at 
the apices are quite close to those of the inspired air. For simi-
lar reasons, alveolar PO2 is low and PCO2 is high at the base 
(Table 4.2.1). It is believed that pulmonary tuberculosis affects 
predominantly the apices of the lungs because the gas tensions 

Fig. 4.2.4: Ventilation-perfusion relationship. A. Normal, B. Low ventilation-perfusion ratio due to poor ventilation. Since oxygenation of 
incoming pulmonary capillary blood is imperfect, the effect is similar to that produced by a shunt, i.e. an abnormal admixture of venous and 
arterial blood. C. High ventilation-perfusion ratio due to poor blood fl ow. Since gas exchange is not commensurate with ventilation, the effect 
is that of increase in physiological dead space.

4.2.indd   2254.2.indd   225 8/23/2010   12:12:40 PM8/23/2010   12:12:40 PM



SE
C

T
IO

N
 4

: 
R

es
p
ir

at
io

n

226

there provide a more favourable environment for the growth of 
Mycobacterium tuberculosis.

OXYGEN TRANSPORT
Oxygen trapped by haemoglobin in the alveoli travels in the 
blood in the two forms already referred to: the dissolved form, 
and in association with haemoglobin. The concentration of the 
dissolved form is directly propor tional to the PO2, and as seen 
earlier, at the normal alveolar pressure at sea level it amounts 
to 0.3 mL/100 mL. However, the concentration of oxygen 
transported in association with haemoglobin depends on PO2 
but is not exactly proportional. The relationship between PO2 
and oxygen transported by haemoglobin is described by the 
oxygen-haemoglobin dissociation curve. The term oxygen-
haemoglobin dissociation curve is based on the fact that the 
same curve also describes the pattern of off-loading of oxygen 
in tissues due to fall in PO2. But in the present context of pick-
ing up oxygen in the alveoli, it may be more appropriate to 
call it the oxygen-haemo globin association curve. However, 
in an effort to combine convention, convenience and correct-
ness, in this book the curve will be uniformly referred to as the 
oxyhaemo globin dissociation curve.

Oxyhaemoglobin Dissociation Curve
The relationship between PO2 and the percentage saturation of 
haemoglobin with oxygen is shown in Figure 4.2.6. As seen, 
the curve is sigmoid in shape. Full, i.e. 100% saturation, refers 

to haemoglobin carrying the maxi mum amount of oxygen 
that it can carry. The sigmoid curve results from the fact that 
initially as the PO2 rises, the saturation of haemoglobin with 
oxygen increases very slowly. But once the process picks up, 
the saturation increases steeply between PO2 of 15 and 40 mm 
Hg. A further rise in PO2 beyond 40 mm Hg does not change 
the saturation much because the saturation cannot incre ase 
beyond 100 per cent. If you remember simply that the approxi-
mate saturation at 10 mm Hg is 10%, at 15 mm Hg it is 20%, at 
40 mm Hg it is 75%, and at 60 mm Hg it is 90%, you will fi nd 
it very easy to draw the curve (Fig. 4.2.7).
 In order to convert percentage saturation of haemo globin 
with oxygen into the concentration of oxygen trans ported in the 
blood, you need to know three things: the amount of oxygen 
carried by each gram of haemo globin when fully saturated, the 
concentration of haemo globin in blood, and PO2. Each gram 
of haemo globin normally carries 1.34 mL oxygen when fully 
saturated. Assuming that a person has 15 g haemoglobin in 
each 100 mL blood, he can carry a maximum of 15 × 1.34 mL 
= 20.1 mL oxygen per 100 mL blood. Using this basic data, 
the oxygen carried by blood at different haemoglobin concen-
trations and oxygen tensions can be calculated as shown in 

Fig. 4.2.5: Ventilation and perfusion (blood fl ow) are both better at the 
bottom (base) of the lung than at the top (apex). But the change in 
blood fl ow is more steep than in ventilation. Therefore the ventilation/
perfusion ratio rises sharply from the base to the apex. V, ventilation; 
Q, perfusion.

Table 4.2.1: Ventilation: Perfusion ratio at the 
apices and bases of lungs and its impact on 

alveolar gas tensions

 Apical region Basal region

VA/Q 3.3 0.6
PO2 (mm Hg) 132 89
PCO2 (mm Hg) 28 42

Fig. 4.2.6: Oxyhaemoglobin dissociation curve at 37°C and pH 7.4 
showing the relationship between oxygen tension and percentage 
saturation of haemoglobin with oxygen.

Fig. 4.2.7: Oxyhaemo globin dissociation curve drawn on the basis 
of very few plotted points.
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Tables 4.2.2 and 4.2.3 respectively.1 Assuming a haemoglobin 
concentration of 15 g/100 mL blood, the oxyhaemoglobin dis-
sociation curve has been redrawn to show the oxygen trans-
ported (Fig. 4.2.8).

Molecular Basis of the Sigmoid Shape
It is interesting to understand why the oxyhaemoglobin asso-
ciation curve is sigmoid. Each molecule of haemo globin can 
combine with upto four molecules of oxygen. Combination 
with the fi rst molecule alters the confor mation of the haemo-
globin molecule in such a way as to facilitate combination 
with the next oxygen molecule. In light of this, if we look at 
the oxyhaemoglobin association curve, as the PO2 starts rising 
from 0 mm Hg upwards, initially all haemoglobin molecules 
in blood start combining with their fi rst oxygen molecule. This 
is the most diffi cult molecule to combine with. Hence satura-
tion rises only slowly with initial rise in PO2 (Fig. 4.2.6). As 
PO2 rises further, haemoglobin molecules combine with their 
second, third and fourth molecules, which are progressively 
easier to combine with. Hence saturation rises steeply between 
PO2 of 15 mm Hg and 40 mm Hg. When PO2 rises still further, 
oxygen fi nds most of the haemoglobin molecules carrying four 
molecules of oxygen each. Since no molecule of haemoglobin 
can carry more than four molecules of oxygen, there is not 
much scope for more oxygen combining with haemoglobin. 
Hence the curve becomes almost fl at again beyond the PO2 of 
60 mm Hg. Thus the primary reason for the sigmoid shape of 
the oxyhaemoglobin dissociation curve is that out of the four 
molecules of oxygen that can combine with a haemoglobin 
molecule, the fi rst combines with the greatest diffi culty.

Physiological Signifi cance of the Sigmoid Curve

The sigmoid shape of the oxyhaemoglobin dissociation curve 
provides many advantages. Let us fi rst look at the nearly fl at 
portion of the curve above the PO2 of 60 mm Hg. Since the sat-
uration is nearly 100% at all levels of PO2 above 60 mm Hg, the 
amount of oxygen carried by the blood does not change much 
even if PO2 drops somewhat below the usual 100 mm Hg. The 
fall may be simply due to high altitude. Thus the oxygen car-
rying capacity of the blood is not much affected till an altitude 
of 3700 metres (about 12000 feet) where the alveolar PO2 is 
about 60 mm Hg.
 Next, let us look at the steep portion of the curve between 
15 and 40 mm Hg. This means that in this range of low PO2, 
any small increase in PO2 increases the oxygen carrying capac-
ity of the blood markedly. Thus at high altitudes, any increase 
in PO2 achieved by giving 100% oxygen for breathing is highly 
benefi cial. The same applies in disease conditions where arte-
rial PO2 may be reduced due to impaired diffusion. We shall 
see another physiological benefi t of the steep portion of the 
curve when we discuss the transfer of oxygen to tissues. When 
arterial blood enters tissues, it is usually exposed to low PO2 
in the interstitial fl uid. The steep portion of the curve ensures 
that oxgen is promptly and generously given up to the tissues. 
Further, in tissues with variable activity, e.g. skeletal muscle, 
when the tissue is more active, its interstitial fl uid PO2 falls. 
The steep portion of the oxyhaemoglobin dissociation curve 
ensures that even a small fall in tissue PO2 results in a consid-
erable increase in oxygen delivery.

Carbon Monoxide Poisoning
Carbon monoxide combines with haemoglobin in a manner sim-
ilar to oxygen but with 250 times greater affi nity (Figs 4.2.9A 
and 9B). Hence even a low concen tration of carbon monoxide 
in the air can displace a considerable amount of oxygen from 
haemoglobin. Secondly, the presence of carboxyhaemoglobin 
in the blood shifts the oxyhaemoglobin dissociation curve to 

1 If you have understood the preceding discussion, these Tables should be child’s play for you. Cover all fi gures except those in the fi rst three columns 
and try to complete them yourself. Uncover to check your answers. You may not fi nd a simpler self-congratulatory exercise very soon!

Table 4.2.2: Oxygen transported at various 
haemoglobin concentrations

 Oxygen transported (mL/100 mL blood)

 Haemoglobin PO2 Saturation, By Hb In dissolved Total
 (g/100 mL) (mm Hg) (%) approx.  from

 15 100 100 20.1 0.3 20.4
 10 100 100 13.4 0.3 13.7
 5 100 100 6.7 0.3 7.0

Hb, Haemoglobin

Table 4.2.3: Oxygen transported at various 
oxygen tensions

 Oxygen transported (mL/100 mL blood)

 Haemoglobin PO2 Saturation, By Hb In dissolved Total
 (g/100 ml) (mm Hg) (%) approx.  form*

 15 100 100 20.1 0.30 20.40
 15 70 93 18.7 0.21 18.91
 15 40 75 15.1 0.12 15.22
 15 20 35 7.0 0.06 7.06

Hb, Haemoglobin
*Solubility of oxygen is 0.003 mL/100 mL plasma/mm Hg at 37°C

Fig. 4.2.8: Oxyhaemoglobin dissociation curve showing the amount 
of oxygen per unit volume of blood. T, total amount of oxygen carried; 
H, oxygen in association with haemoglobin; D, dissol ved oxygen.
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small increase in oxygen transported by the blood is useful 
for improving oxygen delivery to tissues. If available, admin-
istration of a mixture of 95% oxygen and 5% carbon dioxide 
is even better for treatment of carbon monoxide poisoning 
because carbon dioxide stimulates respiration (Chapter 4.5). 
A still better treatment, although not commonly available, is 
hyper baric oxygen. Oxygen administered at a high pressure 
(upto 2000 mm Hg) results in dissolution of enough oxygen 
to meet all tissue requirements.2 Hyperbaric oxygen breathing 
is, however, safe only in the special circumstances of carbon 
monoxide poisoning. In ‘normal’ circumstances, it produces 
oxygen toxicity (Chapter 4.7).

OXYGEN TRANSFER
The ultimate aim of entrapping oxygen in the lungs and trans-
porting it in the blood is to deliver it to the tissues. The transfer 
from blood to tissues takes place in tissue capillaries. The driv-
ing force again is the difference in PO2 (Fig. 4.2.10). The PO2 
at the arterial end of capillaries, as we have already learnt, is 
about 100 mm Hg. The PO2 in the interstitial fl uid in tissues is 
variable, and in many cases depends on the level of metabolic 
activity in the tissue. But 40 mm Hg is a reasonable fi gure for 
interstitial fl uid PO2, and is suffi cient to understand the basis of 
transfer of oxygen from blood to the interstitial fl uid. Further 
transfer from interstitial fl uid to the intracellular fl uid is also 
driven by the PO2 gradient. The intracellular PO2 is also highly 
variable, and is affected by the level of tissue activity and the 
distance of the cell from capillaries, but 20 mm Hg is a reason-
able fi gure for tissue PO2. Some cells of the body can survive 
with as low as 1 mm Hg. The normally much higher PO2 is yet 
another example of physiological reserve.

Fig. 4.2.9B: Carbon monoxide-haemoglobin and oxyhaemoglobin 
dissociation curves. Compare with Figure 4.2.9A and observe the 
effect of the X-axis scale on the shape of the carbon monoxide-
haemoglobin dissociation curve. Also note the markedly higher affi nity 
of haemoglobin for carbon monoxide than for oxygen.

Fig. 4.2.9A: Carbon monoxide—haemoglobin dissociation curve. 
The curve resembles the oxygen-haemoglobin dissociation curve but 
observe the extremely low pressures at which substantial saturation 
is achieved.

the left, thereby making deoxygenation of haemoglobin more 
diffi cult. The result is impaired delivery of oxygen to tissues. 
The lethal concentration of carbon monoxide in the air is just 
0.1 per cent. Incomplete combustion results in formation of 
carbon monoxide. Therefore it is dangerous to sleep in a room 
with an open fi re. Since automobile exhausts also emit carbon 
monoxide, it is dangerous to start a car in a closed garage.
 The most commonly available treatment for carbon mon-
oxide poisoning is 100% oxygen. 100% oxygen breathing 
helps in two ways. First, by increasing the con cen tration of 
oxygen, it displaces some carbon monoxide from the haemo-
globin molecules. Second, at a higher PO2, the oxygen dis-
solved in plasma increases. In conditions of scarcity, even a 

2Calculate the amount of oxygen dissolved per 100 ml plasma at a PO2 of 2000 mm Hg at 37°C. Is the quantity enough to meet the metabolic needs?

Fig. 4.2.10: Transfer of oxygen from lungs to tissues is based on 
diffusion driven by the pressure gradient.
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 The large PO2 gradients involved in transfer of oxygen 
from blood to tissues ensure that adequate oxygen would be 
delivered even if arterial PO2 is reduced, e.g. at high altitude 
or in diseases characterized by impaired diffusion in the lungs. 
Further, the normal interstitial fl uid PO2 of 40 mm Hg still 
does not take away all the oxygen of the arterial blood. At 40 
mm Hg, haemoglobin is still 75% saturated with oxygen, and 
if the haemoglobin level is 15 g/100 mL blood, that still leaves 
about 15.2 mL oxygen per 100 mL of the venous blood. If the 
interstitial fl uid PO2 falls, the PO2 is still in the range of steep 
portion of the oxyhaemoglobin dissociation curve. Hence even 
a small fall in tissue PO2 results in delivery of considerable 
additional quantities of oxygen to the tissues. Thus the nor-
mally incomplete extraction of oxygen from the arterial blood 
leaves behind a reserve of oxygen in the venous blood which 
comes in handy during higher tissue activity. That is why the 
venous blood leaving very active muscular tissue has very poor 
oxygen content.

Factors Affecting Oxygen Transfer
When the metabolic activity of a tissue is high, its PO2 falls. 
Hence, in the blood passing through the capillaries of an active 
tissue, oxyhaemoglobin dissociates to a greater extent, thereby 
increasing oxygen delivery to the tissue. Besides low PO2 there 
are other accompaniments of high metabolic activity, viz. low 
pH, high PCO2 and high temperature. These factors affect the 
oxyhaemo globin dissociation curve in such a way that oxygen 
delivery to the tissue increases. Low pH, high PCO2 as well as 
high temperature shift the oxyhaemoglobin dissociation curve 
to the right, which increases the amount of oxygen delivered 
to tissues at a given PO2 (Fig. 4.2.11). The rightward shift of 
the curve brought about by an increase in PCO2 is called Bohr 
effect. The effect of raised PCO2 is possibly mediated by an 
increase in hydrogen ion concentration. Hydrogen ions shift 
the curve by binding with haemoglobin. The binding changes 
the confi guration of haemoglobin in such a way that the acces-
sibility of oxygen to haem groups is reduced. That is why in 
the presence of more hydrogen ions, less oxygen can combine 
with haemoglobin at a given PO2. Hence an increase in hydro-
gen ion concentration shifts the oxyhaemoglobin dissociation 
curve to the right.
 Another factor which infl uences the oxyhaemoglobin dis-
sociation curve is the concentration of 2,3-diphospho glycerate 
(DPG) in RBC. DPG is an optional by-product of the glyco-
lytic pathway formed by isomerization of the normal interme-
diate, 1,3-diphosphoglycerate. DPG binds with haemoglobin 
(Hb) but not with oxyhaemoglobin (HbO2). Therefore raised 
DPG concentration releases oxygen from oxyhaemoglobin by 
shifting the following reversible reaction to the right:

HbO2 + DPG  Hb – DPG + O2
 That is why in the presence of raised DPG concen tration, 
less oxygen can combine with haemoglobin at a given PO2. 
Hence an increase in DPG concentration also shifts the oxy-
haemoglobin dissociation curve to the right (Fig. 4.2.11). This 
mechanism is likely to be of some physiological signifi cance 
because DPG concentration in RBC rises quite appropriately 
when the demand for oxygen is increased (during exercise), 
oxygen supply is reduced (at high altitude), and oxygen carry-
ing capacity of the blood is reduced (in anaemia).

 It is worth noting that DPG does not combine with foetal 
haemoglobin (HbF). That is perhaps one reason why HbF has 
greater affi nity for oxygen than adult haemoglobin (HbA). 
The difference in affi nity has great physiological signifi cance 
because it is responsible for the transfer of oxygen from the 
mother to the foetus when their circulations come in intimate 
contact in the placenta.

Intracellular Utilization of Oxygen
The utilization of oxygen for intracellular oxidation reactions 
is beyond the scope of this book, and the student should con-
sult a biochemistry text to learn this interesting and important 
aspect of respiration.

QUESTIONS AND PROBLEMS
1. Explain briefly why an increase in erythrocyte 

2,3-Diphosphoglycerate (DPG) concentration at high alti-
tude is helpful at moderately high altitudes but not at very 
high altitudes?

2. Why is transfused blood not as effi cient at oxygen delivery 
as the recipient’s own blood?

ANSWERS AND SOLUTIONS
1. At moderately high altitudes, the rightward shift of the oxy-

haemoglobin dissociation curve brought about by increased 
DPG concentration helps unload more oxygen in the tissues 
for a given drop in PO2. At very high altitude, atmospheric 
PO2 is so low that the rightward shift of the curve makes 
it more diffi cult for haemoglobin to entrap oxygen in the 
lungs. Hence the advantage due to rightward shift of the 
curve at tissue level is neutralized by the disadvantage in 
the lungs.

2. Transfused blood is generally stored blood. The 2,3-diphos-
phoglycerate (DPG) concentration in erythrocytes falls dur-
ing storage of blood. The fall in DPG concentration shifts 
the oxyhaemoglobin dissociation curve to the left, which 
makes it more diffi cult to unload oxygen in the tissues.

Fig. 4.2.11: Various factors may affect the oxyhaemoglobin 
dissociation curve. Shift to the right (R) is brought about by fall 
in pH, increase in PCO2, increase in temperature and increase in 
concentration of 2,3-DPG in red blood cells. Changes in the opposite 
direction bring about shift to the left (L).
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4.3
Carbon Dioxide Transfer, 
Transport and Expulsion

Metabolic activity utilises oxygen and produces carbon diox-
ide. Carbon dioxide is a waste product which has to be elimi-
nated from the body to preserve constancy of the internal envi-
ronment. Elimination of carbon dioxide takes place through a 
process which is broadly reverse of that by which oxygen is 
supplied to the tissues (Fig. 4.2.1). Carbon dioxide is picked 
up from the tissues by the tissue capillaries, transported in the 
venous blood, and fi nally expelled in the lungs. We shall con-
sider the three processes of carbon dioxide transfer, transport 
and expulsion one by one.

CARBON DIOXIDE TRANSFER
Carbon dioxide is transferred from the tissues to capillaries 
using the interstitial fl uid as an intermediary medium. The 
fl ow is the result of diffusion, which in turn is due to the higher 
PCO2 in cells (about 46 mm Hg) and interstitial fl uid (about 
45 mm Hg) than in arterial blood (40 mm Hg). As a result of 
the transfer, the PCO2 of the blood leaving the tissues (venous 
blood) rises to 45 mm Hg. The pressure gradient of 5 mm Hg 
for carbon dioxide transfer is much less than the corresponding 
gradient for oxygen, although the volume of exchange is nearly 
the same for both gases. Why do you think a smaller pressure 
gradient is suffi cient for carbon dioxide exchange?1

CARBON DIOXIDE TRANSPORT
Carbon dioxide transferred from the tissues to the blood is 
transported in three forms: as dissolved gas, as bicarbonate, 
and as carbamino compounds.

Dissolved Carbon Dioxide
Although carbon dioxide is fairly soluble in water, the dis-
solved form accounts for only about 7% of the carbon dioxide 
transported. Let us examine why it is so. At body temperature 
(37°C), the solubility of carbon dioxide is 0.06 mL/mm Hg/100 
mL. The arterial PCO2 is 40 mm Hg. Therefore the volume of 
carbon dioxide in the dissolved form in arterial blood is 0.06 
× 40 = 2.4 mL/100 mL. The venous blood, with PCO2 of 45 
mm Hg, carries 0.06 × 45 = 2.7 mL/100 mL dissolved carbon 

dioxide. Thus each 100 mL of venous blood carries only 0.3 mL 
additional carbon dioxide in the dissolved form as compared 
to arterial blood. On the other hand, the total carbon dioxide 
content of arterial and venous blood is 48 mL/100 mL and 52 
mL/100 mL respectively. Thus each 100 mL of venous blood 
transports 4 mL additional carbon dioxide as compared to the 
arterial blood. Out of these 4 mL, only 0.3 mL is transported 
in the dissolved form, which amounts to 0.3/4 × 100 = 7.5%. 
Thus the reason for dissolved carbon dioxide accounting for 
only a small fraction of carbon dioxide transport is as follows. 
The amount of dissolved carbon dioxide depends on PCO2. 
The difference between the arterial and venous PCO2 is only 
5 mm Hg. Therefore only 0.3 mL additional carbon dioxide is 
dissolved in each 100 mL of venous blood as compared to the 
arterial blood. Thus the small difference in PCO2 between the 
arterial and venous blood accounts for dissolved carbon diox-
ide being a poor mechanism for carbon dioxide transport in 
spite of carbon dioxide being fairly soluble in water.

Carbon Dioxide Transport as Bicarbonate
This is the major mechanism of carbon dioxide transport. Red 
blood cells (RBCs) play a major role in the mechanism because 
of the presence of carbonic anhydrase in them as explained 
below (Fig. 4.3.1).
 Carbon dioxide diffuses from the tissues into the intersti-
tial fl uid, from the interstitial fl uid into the plasma, and from 
the plasma into the RBC fl uids, driven by the PCO2 gradient. 
Carbon dioxide dissolves in RBC fl uids to form carbonic acid, 
a process facilitated enormously by the enzyme carbonic anhy-
drase present in RBC. Carbonic acid dissociates into hydrogen 
ions and bicarbonate ions. Bicarbonate ions diffuse out of the 
RBC due to concentration gradient. Hydrogen ions are buff-
ered partly by haemoglobin, and partly by plasma proteins, but 
still the pH of venous blood falls slightly. Exit of bicarbonate 
ions from RBC is not accompanied by a comparable exit of 
cations because the RBC membrane is relatively impermeable 
to cations. Hence an electrical gradient is created across the 
RBC mem brane, which results in passive transport of some 
chloride ions from the plasma into RBC (chloride shift). The 
degree of chloride shift is governed by Gibbs-Donnan equi-
librium. The effl ux of bicarbonate and the infl ux of chloride is 

1 It is suffi cient because carbon dioxide is much more soluble than oxygen. Hence carbon dioxide diffuses about 20 times faster than oxygen. Or, for the 
same rate of diffusion, only one-twentieth of the pressure gradient is suffi cient for carbon dioxide.
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facilitated by a bicarbonate/chloride carrier protein in the RBC 
membrane. Generation of bicarbonate ions and entry of chlo-
ride ions raises the osmotic pressure of RBC fl uids. As a result, 
water moves passively from plasma into the RBC. That is why 
the biconcave RBC of the venous blood are a little rounded 
(i.e. less concave) than those of the arterial blood.
 All the reactions described above proceed in the oppo-
site direction when carbon dioxide is expelled in the lungs. 
Conversion of carbonic acid into carbon dioxide and water is 
also catalysed by carbonic anhydrase. That is why carbon diox-
ide collection from the tissues as well as discharge in the lungs 
are both impaired by carbonic anhydrase inhibitors, leading to 
high PCO2 in tissues as well as blood.
 Thus the carbon dioxide picked up from tissues is trans-
ported as plasma bicarbonate with the help of RBC carbonic 
anhydrase. Transport in the form of bicarbonate accounts for 
about 70% of carbon dioxide transport.

Carbon Dioxide Transport as Carbamino Compounds
Carbon dioxide combines chemically with haemoglobin and 
several plasma proteins to form carbamino com pounds. Since 
haemoglobin is the most abundant protein in blood, carbami-
nohaemoglobin is the major compound of this class in blood. 
Transport in this form accounts for only 20% of carbon dioxide 
transport.

Carbon Dioxide Dissociation Curve
The overall relationship between PCO2 and the volume of 
carbon dioxide carried by blood in all the three forms put 
together is expressed as the carbon dioxide disso ciation curve 
(Fig. 4.3.2). The position of the curve is affected signifi cantly by 
PO2. The effect of PO2 on the carbon dioxide dissociation curve 
is called the Haldane effect. In order to examine the physiolog-
ical signifi cance of Haldane effect, let us see the effect of PO2 
on carbon dioxide carriage in the physiological range of PCO2
(Fig. 4.3.3). As seen in the Figure, at a PO2 of 100 mm Hg, 
change in PCO2 from 40 to 45 mm Hg would result in uptake 
of only 2 mL CO2/100 mL blood. But since PO2 falls to 40 

Fig. 4.3.1: Carbon dioxide is transported in the blood as dissolved 
carbon dioxide (d. CO2), carbamino haemoglobin (Hb. CO2) and as 
bicarbonate (HCO3

–). Bicarbonate accounts for 70% of the carbon 
dioxide transported, and is associated with a few reactions in the 
red blood cells as shown in the diagram. CA, carbonic anhydrase. 
Details in text.

Fig. 4.3.3: The Haldane effect: the carbon dioxide dissociation curve 
changes with the PO2 of blood. The diagram shows curves for PO2 
of 40 mm Hg and 100 mm Hg. The arterial blood (A) enters tissues 
at a PO2 of 100 mm Hg and a PCO2 of 40 mm Hg. Tissues have 
a PCO2 of 46 mm Hg, and as a result carbon dioxide diffuses from 
the tissues to the blood. If this was the only process taking place in 
tissues, the blood carbon dioxide content would change from B to C 
(i.e., from 48 mL/100 mL blood to about 50 mL/100 mL). However, 
simultaneously the blood PO2 also falls from 100 mm Hg to about 40 
mm Hg in the venous blood (V). Since the carbon dioxide dissociation 
curve at a PO2 of 40 mm Hg is different, the carbon dioxide content 
actually changes from B to V (i.e. from 48 ml/100 ml to 52 mL/100 
mL). Thus the amount of carbon dioxide picked up from tissues is 
doubled due to the Haldane effect. In the same way the amount of 
carbon dioxide released in the lungs is also doubled by the Haldane 
effect because the PO2 changes simultaneously from 40 to 100 
mm Hg while the PCO2 falls from 46 to 40 mm Hg. The thick line 
AV represents the change in carbon dioxide content of blood that 
actually takes place; the arrows represent the direction of change in 
tissues (T) and lungs (L).

Fig. 4.3.2: Carbon dioxide dissociation curve. The dotted lines 
indicate the physiological operating range of the curve. A. arterial 
PCO2 (40 mmHg); V, venous PCO2 (46 mmHg).

mm Hg in the tissue capillaries simul taneously with the rise in 
PCO2, the CO2 uptake is increased to 4 mL/100 mL. Thus the 
carbon dioxide picked up in tissues is doubled because of the 
effect of PO2 on carbon dioxide dissociation curve. Haldane 
effect also works to our advantage when carbon dioxide is 
expelled in the lungs as discussed below.
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EXPULSION OF CARBON DIOXIDE

Carbon dioxide is removed from the pulmonary capillaries by 
diffusion. The PCO2 of venous blood is 45 mm Hg while that 
of alveolar air is 40 mm Hg. Thus there is an alveolar capillary 
PCO2 gradient of 5 mm Hg, which makes carbon dioxide dif-
fuse into the alveoli till the pulmonary capillary PCO2 falls to 
40 mm Hg. Carbon dioxide is fi nally expelled from the alveoli 
during expiration.

Impact of Haldane Effect in the Lungs
While the pulmonary capillary blood is exchanging carbon 
dioxide with the alveoli, oxygen exchange is also going on 
simultaneously which raises the pulmonary capillary PO2 from 
40 to 100 mm Hg. This makes Haldane effect work in the 
opposite direction as compared to the tissues (Fig. 4.3.3). As 
seen in the fi gure, rise in PO2 of the pulmonary capillary blood 
effectively doubles the amount of carbon dioxide eliminated 
from the pulmonary capillaries.

Mechanism of Haldane Effect
The mechanism of Haldane effect is intimately related to that 
of the Bohr effect (Chapter 4.2). Transfer of carbon dioxide 
from the tissues to the blood generates hydrogen ions in the 
RBC as discussed above. Deoxygenated haemo globin is a 
better hydrogen ion acceptor than oxyge nated haemoglobin. 
Hence, deoxygenation of haemo globin in the tissues helps in 
the carriage of extra-carbon dioxide by mopping up hydrogen 
ions. Putting it in chemical language.

HbO2  Hb + O2
 Oxygen is removed by the tissues, favouring the forward 
reaction. Deoxygenated haemoglobin mops up hydrogen ions 
as follows:

Hb + H+  Hb. H
 Hence, in the reversible reactions,

CO2 + H2O Û H2CO3  H+ + HCO3
–

removing hydrogen ions from the scene of action promotes 
the forward reactions, thereby facilitating picking up of carbon 
dioxide. The opposite sequence of events facilitates expulsion 
of carbon dioxide in the lungs.
 Towards the end of chapters on gas exchange and trans-
port, you may find it interesting to reflect on the popular 
expressions, ‘pure and impure’ blood. Pure blood refers to 
oxygenated blood while impure blood refers to deoxygenated 
blood. Oxygenated blood is redder than deoxygenated blood 
because of the difference in the colour of the two forms of 
haemoglobin. But both oxygenated and deoxygenated blood 
carry considerable amounts of oxygen, normally 20 mL/100 
mL and 15 mL/100 mL respectively. Thus the difference in 
the oxygen content of ‘pure’ and ‘impure’ blood is only about 
25%. Besides the oxygen content, the two bloods differ also 

in their carbon dioxide content. Carbon dioxide is popularly 
considered a ‘poisonous’ gas, and this may justify the terms 
‘pure’ and ‘impure’. But once again, the two bloods contain 48 
mL/100 mL and 52 mL/100 mL carbon dioxide respectively, 
the difference being only about 8 percent. If even ‘pure’ blood 
contains so much carbon dioxide, carbon dioxide can hardly 
be considered ‘poisonous’. The arteriovenous oxygen differ-
ence is 5 mL/100 mL, and the carbon dioxide difference is 4 
mL/100 mL. It means that in lungs or tissues, each 100 mL 
blood exchanges 5 mL oxygen and 4 mL carbon dioxide, which 
seems to take care of the normal resting metabolic needs. 
The ratio of carbon dioxide produced to oxygen consumed is 
thus 4/5, i.e. 0.8. The ratio is also referred to as the respira-
tory quotient (RQ) or respiratory exchange ratio (RER). RER 
is infl uenced by the nutrient compo sition of the diet as dis-
cussed in Section 7. At rest the cardiac output is about 5 L/min, 
i.e. 50 × 100 mL/min. Thus 50 portions of 100 mL each pass 
through the lungs or tissues once every minute. Since each 100 
mL portion exchanges 5 mL oxygen and 4 mL carbon dioxide 
respectively, the oxygen consumption is 5 × 50 mL = 250 mL 
per min, and the carbon dioxide production is 4 × 50 mL = 200 
mL per min. These are fi gures you will come across at many 
places in the book, derived in many different ways. “There is 
not just one way to Rome!”

QUESTION AND PROBLEM
1. Discuss the interrelationships between Bohr effect and 

Haldane effect.

ANSWER AND SOLUTION
1. Bohr effect describes the effect of PCO2 on oxygen car-

riage, while Haldane effect describes the effect of PO2 on 
carbon dioxide carriage in the blood. Both these effects 
depend on the properties of the haemoglobin molecule. A 
rise in PCO2 generates hydrogen ions. Hydrogen ions alter 
the confi guration of the haemoglobin molecules such that 
it becomes less accessible to oxygen (Bohr effect). On the 
other hand, deoxygenated haemoglobin combines with 
hydrogen ions more readily than oxyhaemoglobin (Haldane 
effect). Thus haemoglobin is a unique example of fi ne tun-
ing at molecular level to serve a physiological function. 
Since oxygen has to be picked up at the same places where 
carbon dioxide is to be expelled, and vice versa, the prop-
erties of the haemoglobin molecule facilitate both these 
functions.

 However, quantitatively, Bohr effect is much less impor-
tant than Haldane effect. While Bohr effect has only a mar-
ginal impact on oxygen carriage, Haldane effect doubles the 
amount of carbon dioxide transported.
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4.4
Mechanics of Breathing

In our discussion of respiratory physiology we have so far 
taken for granted that air moves into the lungs during inspira-
tion, and moves out of the lungs during expiration. But nothing 
happens spontaneously; every event has an underlying cause. 
We shall examine in this chapter the mechanisms responsible 
for to and fro movement of air in the respiratory tract.

INSPIRATION AND EXPIRATION
A balloon may be fi lled in two ways. The fi rst way is to pump 
air into it. The air should be pumped at a pressure higher than 
that already existing in the balloon. Hence, this method may 
be called positive pressure fi lling. The second way is to stretch 
the balloon to make it larger. An increase in the volume of air 
in the balloon would reduce the pressure in accordance with 
Boyle’s law. If the reduced pressure is lower than the pres-
sure of the surroundings, and the balloon is in communication 
with its surroun dings, air would rush into the balloon. In this 
method air enters the balloon because the pressure in the bal-
loon is lower. Hence this method may be called negative pres-
sure fi lling. The common feature of both positive and nega-
tive pressure fi lling is that air moves from a higher to a lower 
pressure.
 Negative pressure fi lling is conceptually a little more com-
plex than positive pressure fi lling. But it is important to under-
stand it because that is the method employed by the respiratory 
system to expand the lungs during inspiration. To understand 
it, you may make a simple model at home (Fig. 4.4.1). Take 
a glass or plastic jar (about 2 litres capacity) with an air-tight 
plastic lid. Make two appropriate sized holes in the lid with 
a red hot nail such that you can pass the mouth of a football 
bladder through one hole, and a plastic or rubber or glass 
tube through the other. Pass these objects through the holes, 
and then seal the gaps with a good adhesive. When the adhe-
sive is dry, screw the cap on the jar tightly. Now, if you blow 
into the bladder, it will expand. This is positive pressure fi ll-
ing. Alternatively, if you suck air through the other tube, even 
then the bladder will expand. This is negative pressure fi ll-
ing. Negative pressure fi lling in this case is the result of the 

following sequence of events. Sucking through the tube pro-
duces negative pressure (i.e. pressure below the atmospheric 
pressure) in the jar. That pulls on the bladder walls. Pull on the 
bladder walls generates negative pressure within the bladder. 
Therefore air rushes from outside into the bladder. Negative 
pressure fi lling, as demonstrated by this model is very similar 
to what happens during inspiration.
 During inspiration, the chest cavity expands. Expan sion 
of the thoracic cage generates negative pressure in the lungs. 
As a result, air moves into the lungs. During expiration, the 
chest cavity becomes smaller, producing positive pressure in 
the lungs. As a result, air moves out of the lungs. Hence the 
key event in inspiration and expiration is change in the size of 
the thoracic cage.1 The change in size is brought about by the 
action of the diaphragm and intercostal muscles.

Inspiration
Inspiration is brought about by downward movement of 
the diaphragm, which increases the size of the thoracic cage 
from above downwards. Since downward move ment of the 
diaphragm compresses the abdominal con tents, the abdomi-
nal wall might move outwards during inspiration. The high 

Fig. 4.4.1: A simple model to illustrate the mechanism of inspiration 
and expiration. Details in text.

1 Even the lay person knows that the chest expands during inspiration, and shrinks during expiration. But his concept of cause and effect is often 
inverted. He thinks the chest expansion is the effect of fi lling of the lungs. Actually, chest expansion is the cause, and fi lling of the lungs is effect.
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intra-abdominal pressure during later stages of pregnancy 
sometimes makes diaphrag matic movement diffi cult, thereby 
increasing the res ponsi bility of the intercostal muscles in 
respiration.
 The intercostal muscles actively involved in inspiration 
are the external intercostal muscles. Contraction of external 
intercostal muscles raises the ribs. The shape of the ribs is such 
that their elevation expands the chest both transversely (bucket 
handle movement), and antero posteriorly (pump handle move-
ment) (Fig. 4.4.2). Thus, the combined action of the diaphragm 
and external intercostal muscles increases the dimensions of 
the thoracic cage in all the three directions. However, in normal 
quiet breathing, diaphragm is responsible for almost the entire 
inspiratory effort. On the other hand, during very forceful 
inspiration, besides the diaphragm and external intercostals, 
the sternocleidomastoid, scalenes and anterior serrati also con-
tribute to the inspiratory effort.

Expiration
During quiet breathing, expiration is a passive process. It is 
brought about by relaxation of the inspiratory muscles. Since 
contraction of inspiratory muscles increa ses the size of the tho-
racic cage, relaxation of the same muscles decreases the size 
of the thoracic cage to the original. This is enough to gener-
ate suffi cient positive pres sure in the lungs to expel the normal 
tidal volume. During forceful expiration, abdominal muscles 
play an important role in augmenting the expiratory pressure. 
These muscles include the abdominal recti, internal and exter-
nal oblique muscles, and transversus abdominus. Their con-
traction increases the intra-abdominal pressure, which in turn 
pushes the diaphragm upwards beyond the normal resting posi-
tion. This reduces the size of the chest cavity further, helping 

in expulsion of additional air beyond the normal tidal volume. 
The internal intercostal muscles also help reduce the volume 
of the thoracic cage during active expiration by pulling the ribs 
downwards.

RESPIRATORY PRESSURES
We have so far talked about the mechanics of respiration in 
purely qualitative terms. But, as you know, respectably deep 
study of any phenomenon in physics needs quantitative treat-
ment. First let us examine the pressures involved (Fig. 4.4.3). 
One obvious pressure to consider is the pressure within the 
lungs, or the intrapulmonary pressure or alveolar pressure. 
When the glottis is open, alveolar pressure is not very different 
from the pressure in the airways. It is –1 cm water at the peak 
of inspiration, and +1 cm water at the peak of expiration during 
quiet breathing. However, if the maximal force of respiratory 
muscles is employed, a healthy person can develop a pressure 
of 60-100 mm Hg, negative or positive.
 In order to understand mechanics of respiration, there is 
one more pressure, which it is absolutely essential to be famil-
iar with, and that is the interpleural (inter, between) pressure, 
because it is the pressure between two pleural surfaces. The 
thoracic cage is lined on the inside with a serous membrane 
called the parietal pleura. The lungs are also covered with a 
serous membrane called the visceral or pulmonary pleura. 
Between the two layers of pleura is a very narrow space, called 
the pleural cavity. The pleural cavity is fi lled with a thin layer 
of fl uid, which makes the movement of the two pleural surfaces 
against each other smooth. The normal pressure in the pleu-
ral space, or interpleural pressure, is negative, i.e. subatmos-
pheric, both during inspiration and expiration. The interpleural 

Fig. 4.4.2: Expansion of the chest during inspiration. I. ‘Pump handle’ movement. II. ‘Bucket handle’ movement. 1, sternum; 2, rib; 3, 
diaphragm. (Reproduced, with permission, from Bijlani RL, Manchanda SK. The Human Machine: how to prevent breakdowns. New Delhi: 
National Book Trust, India, 1990).

4.4.indd   2344.4.indd   234 8/23/2010   12:12:17 PM8/23/2010   12:12:17 PM



C
H

A
PT

ER
 4

.4
: M

ech
an

ics o
f Breath

in
g

235

pressure is commonly but erroneously called the intrapleural 
pressure, or simply pleural pressure. During quiet breathing, 
the pleural pressure fl uctuates between –5 and –8 cm water 
depending on the phase of respiration. However, the pleural 
pressure becomes posi tive (i.e. above atmospheric) during 
forceful expiration.
 Now let us examine why the pleural pressure is negative; 
more negative during inspiration, less negative during expira-
tion, but always negative during quiet breathing. The ‘why’ in 
this question can have two answers, one mechanistic and the 
other teleological. Let us fi rst discuss the mechanistic answer 
which is scientifi cally more valid and valuable. The key to 
the answer is the fact that both the thoracic cage and lungs are 
elastic structures. Elastic structures have a certain resting posi-
tion at which there is no strain. But in case of the chest, during 
any phase of the respiratory cycle, both the thoracic cage and 
lungs are under strain. Left to themselves, the lungs would 
occupy a much smaller volume than they do in the chest. And, 
left to itself, the thoracic cage would occupy a slightly larger 
volume than it does in the chest. Hence, at the volume that they 
occupy in the chest, the lungs have a tendency to collapse, and 

the thoracic cage has a tendency to expand. However, because 
of the anatomical relationships in the body, these tendencies 
do not normally materialize. But the tendencies do create an 
inward pull on the visceral pleura and an outward pull on the 
parietal pleura (Fig. 4.4.4). The result of these pulls is a nega-
tive pressure in the space between the pleural surfaces. As any-
where else, a negative pressure can be sustained only in an air-
tight structure. That is why, any injury to the chest wall which 
is deep enough to admit air into the interpleural space results in 
pneumothorax, in which (a) the lungs collapse, (b) the thoracic 
cage expands, and (c) air enters the interpleural space so that 
now interpleural pressure equals the atmospheric pressure.
 Now let us discuss the teleological answer to the question 
why pleural pressure is negative.2 Pleural pressure is negative 
because it is essential to keep the lungs partially infl ated all 
the time. Further infl ation of partially infl ated lungs is easier 
than fresh infl ation of collapsed lungs. Hence having partially 
infl ated lungs saves us considerable energy during breathing.
 Finally, the last important pressure to be considered is the 
difference between the alveolar pressure and the pleural pres-
sure. This is the difference between the pressure inside and 

Fig. 4.4.3: Major mechanical events of the respiratory cycle. The pressures are with respect to the atmospheric pressure.

2 Teleology (telos, goal, purpose; logos, science) explains biological phenomena on the basis of the assumption that everything that happens in the 
body happens the way it does because that is the way it is benefi cial to the body. Teleological reasoning is generally right, but need not always be so. 
Teleological explanations are sometimes looked down upon in scientifi c circles because they are not always true, and are often based on commonsense 
and wishful thinking rather than experimental data. But there is hardly a scientist who never thinks in terms of teleology. It has been said that teleology 
is like a beautiful girl whom everybody likes to fl irt with but nobody likes to be seen with in public.
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immediately outside the lungs, and is therefore called the 
transpulmonary pressure (Fig. 4.4.3).

COMPLIANCE
The lungs and thoracic cage are both elastic structures. Hence 
they display a constant relationship between distending pres-
sure and change in volume. The change in volume per unit 
change in pressure is called compliance. The compliance of 
lungs is 0.2 L/cm water. Compliance is a measure of disten-
sibility. However, there is a fallacy here. Suppose a person 
has only one lung because the other lung has been removed 
surgically. The remaining lung may be healthy, with normal 
distensi bility, but has only half the volume as compared to both 
lungs. Therefore, the change in volume for a given change in 
pressure will also be half the normal change. Hence the lung 
compliance in this patient will be 0.1 L/cm water, although the 
distensibility of the lung is normal. This fallacy becomes very 
important while interpreting the lung compliance of a child. 
Again, because of the smaller volume, compliance will be 
below ‘normal’ although the distensibility is normal. The dis-
crepancy is removed if we express the results in terms of spe-
cifi c compliance. Specifi c compliance is compliance expressed 
as a fraction of the functional residual capacity (FRC), i.e. spe-
cifi c compliance = compliance/FRC. Since FRC is also propor-
tionately lower in children, specifi c compliance is essentially 
constant irrespective of age.
 The compliance of thoracic cage is also equal to 0.2 L/cm 
water in adults. But the compliance of the lungs and thoracic 
cage together, i.e. the total respiratory system, is equal to 0.1 
L/cm water. Compliance of the total respiratory system is less 
than that of either lungs or thoracic cage individually because, 
as discussed earlier, lungs and thoracic cage normally work at 
cross purposes. The lungs try to pull the thoracic cage inwards 
while the thoracic cage tries to pull the lungs outwards. That is 
why it is more diffi cult to distend the lungs and thoracic cage 
together than either of them individually. Normally, however, 
the lungs and thoracic cage have to move together. Individual 
compliances of the lungs and thoracic cage are primarily of 
academic interest only.

Determination of Compliance
For determination of compliance, we need change in volume, 
and change in pressure across the structure concerned. Since 

the thoracic cage, lungs, and both together, undergo identical 
change of volume during breathing, the change can be meas-
ured spirometrically, no matter which compliance we are deter-
mining. Regarding change of pressure, the two pressures meas-
ured depend on the compliance being determined (Fig. 4.4.5). 
Once the pressures and the corresponding volumes have been 
determined at a few levels of lung volume, a graph can be plot-
ted to determine the compliance.

Surfactant
If we remove the lungs from the body and fi ll them with saline, 
we fi nd that it becomes much easier to infl ate them (Fig. 4.4.6). 
But if the saline is drained out, and we again try to infl ate the 
lungs, the compliance falls even below the level in the body. 
The explanation for these changes is that fi lling the lungs with 
saline abolishes the surface tension of alveoli, and that is why 
it becomes easier to infl ate the lungs. But on removing the 
saline, the alveolar surface gets washed clean. The wash makes 
it more diffi cult to infl ate the lungs because it removes from the 
surface of the alveoli a surface tension reducing agent, called 
surfactant. The surfactant is secreted by the type 2 alveolar 
cells, and lines the alveolar surface. Lowering of the surface 
tension by the surfactant improves the distensibility of the 
lungs. Reducing the muscular effort required for breathing is 
the fi rst function of the surfactant.
 In order to understand the second function of the sur-
factant, it is necessary to racapitulate La Place’s law. La Place’s 
law states that T a P × r, where T is tension, P is pressure, 
and r is radius. As a simple illustration of this law, try to think 
how a partially infl ated balloon feels if it comes to acquire a 
‘nipple’ at the tip (Fig. 4.4.7). The fat part of the balloon feels 
very tense but the nipple feels very fl accid. Since the two parts 
of the balloon are in communication with each other, the pres-
sure inside has to be the same in both parts. But the tension in 
the two parts is different because of the difference in radius. A 
mental picture of this type of balloon is extremely helpful in 
keeping La Place’s law in mind, and it will be worthwhile for 
you to pause for a while and refl ect on the image of the balloon 
in terms of La Place’s law. Since T a P × r, P a T/r. Thus if the 
surface tension of two spheres is equal, the one with the larger 
radius will have a lower pressure. Let us apply this fact to alve-
oli. Alveoli do not all have the same diameter. If the surface 
tension of the fl uid lining the alveoli were the same, smaller 
alveoli would have a higher pressure than larger alveoli. Since 

Fig. 4.4.4: Genesis of the negative (sub-atmospheric) pleural pressure (A-C). The negative pressure can be main tained only if the pleural 
cavity is sealed air-tight. Any breach in the seal leads to the entry of air into the pleural cavity and abolition of the negative pressure (D). 
RV, residual volume; FRC, func tional residual capacity; TLC, total lung capacity.
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air moves from higher pressure to lower pressure, smaller alve-
oli would empty into larger alveoli. The process would con-
tinue till the entire lung is converted into one giant alveolus. 
But this does not actually happen because of the surfactant. In 
order to understand this function of surfactant, we have to real-
ize that the amount of surfactant secreted by an alveolus is rela-
tively constant. In a large alveolus, the surfactant spreads over 
a larger surface, and is, therefore, less effective than in a small 
alveolus (Fig. 4.4.8). The result is that larger alveoli experience 
less reduction in surface tension. Therefore the surface tension 
of larger alveoli is greater than that of smaller alveoli. Since 
P a T/r, if T increases parallel with r, T/r will be essentially 
constant, i.e. P will be constant. Hence in the lungs, the pres-
sure in large alveoli is equal to the pressure in small alveoli. 
Therefore small alveoli do not empty into large alveoli. In this 
way, surfactant contributes to the stability of the architecture of 
the lung. This is the second function of the surfactant.

Protective Function of Surfactant
The protective function of the surfactant extends beyond that 
of preventing small alveoli from collapsing into larger alveoli. 
Chemically, the surfactant contains the surface tension lower-
ing agent, dipalmitoyl lecithin, and also a few proteins. Two 
of the proteins, surfactant proteins A and D (SP-A and SP-D), 
belong to a family of proteins called collectins. Collectins are 
so named because their N-terminal end resembles collagen, 

Fig. 4.4.5: Measurement of compliance. A. Diagrammatic 
representation of lungs in the thoracic cage. AP, atmospheric 
pressure; PP, pleural pressure; IP, intrapulmonary pressure (alveolar 
pressure). Compliance depends on the measurement of change in 
volume for a given change in pressure. The change in the volume of 
the lungs, the thoracic cage and the total respiratory system (i.e. lungs 
+ thoracic cage) is identical, and can be measured by spirometry. 
Therefore the separate measurement of compliance of the lungs, 
thoracic cage and total respiratory system is based on the difference 
in the associated change in pressure. The relevant pressure is the 
pressure across the two surfaces of the structure whose compliance 
has to be determined. For example, for compliance of the lungs 
the relevant pressure is the difference between PP and IP. The 
difference is called transpulmonary pressure (Fig. 4.4.3). Change in 
this difference, and the associated change in volume can be used 
for calculation of compliance. Similarly, the relevant pressure for 
compliance of the thoracic cage is the difference between AP and 
PP, and for total respiratory compliance it is the difference between 
AP and IP. Experimentally, PP is often assessed from esophageal 
pressure, and IP from the airway pressure or mouth pressure when 
the glottis is open to the pressure recording device and there is no 
air fl ow. B. A graph may be plotted for different values of DP and 
associated DV. Compliance may be calculated from any point along 
the graph, which is ideally a straight line.

Measurement of Pleural Pressure

Intra-esophageal pressure is commonly used as a substi-
tute for pleural pressure. An open-tipped or balloon-tipped 
catheter is introduced into the esophagus, and the pressure 
recorded from it is used as a measure of pleural pressure. 
Since esophagus is a thin-walled collapsible structure located 
in the pleural space, esophageal pressure is approximately 
equal to the pleural pressure.

Fig. 4.4.6: Compliance of saline-fi lled (S) and air-fi lled (A) lungs.

Fig. 4.4.7: In a partially fi lled balloon the ‘nipple’ is fl accid as compared 
to the tense globular part. The difference in tension is entirely due to 
the difference in radius of the two parts.
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and the C-terminal end resembles lectin. Collectins stimulate 
phagocytosis and chemotaxis, and regulate release of cytokines 
by immune cells. It is likely that surfactant proteins facilitate 
phagocytosis of inhaled foreign matter by alveolar macro-
phages, thereby eliminating in many cases the need for a sys-
temic immune response (Fig. 4.4.9).

AIRWAY RESISTANCE
Liquids or gases fl owing through tubular structures have to 
overcome resistance due to friction between the molecules of 

the substance fl owing, and between the substance fl owing and 
the walls of the tube. The resistance follows a mathematical 
relationship similar to that of electrical resistance, as given by 
Ohm’s law. Thus, in the respiratory system, airway resistance 
(R) is given by the equation, R =  P/V, where  P is the differ-
ence between the alveolar pressure and atmospheric pressure, 
and V is the rate of fl ow.

Site of Airway Resistance
The airways divide repeatedly like the branches of a tree. Each 
successive branching has been numbered, and is referred to as a 
generation. The division goes on till about the 20th generation. 
Airway resistance resides mainly in medium-sized airways. 
The large airways are too wide to offer much resistance. The 
small airways are so numerous that their total cross-sectional 
area is very large. Hence small airways also do not offer much 
resistance. That is why the major site of airway resistance is 
the medium sized airways. Most of the resistance is offered 
by airways upto the seventh generation. Airways less than 2 
mm in diameter account for less than 20% of the total airway 
resistance.

Factors Determining Airway Resistance
The major factors on which airway resistance depends are as 
follows.

Radius of Airways
According to Poiseuille’s equation, for laminar flow, R = 
8 nl/ r4, where n is the viscosity of the gas, and l and r are the 
length and radius of the airways respectively. Therefore radius 
has a very marked effect on resistance. If the radius is halved, 
the resistance increases sixteen-fold.

Nature of Flow: Turbulence and Velocity of Flow
As mentioned above, Poiseuille’s equation applies only to 
laminar fl ow. Flow through the airways is generally laminar 
through the straight portions, but turbulent at the branching 
points. For laminar fl ow,
 P = K1V, where K1 is a constant, and is equal to the 
resistance.
 For turbulent fl ow,
 P = K2 (V)2, where K2 is another constant.
 Thus for turbulent fl ow, driving pressure increases in pro-
portion to the square of the fl ow rate. Since more driving pres-
sure is required for turbulent fl ow, the resistance is higher. In 
case of the airways,

P = K1 V + K2 (V)2

 because the fl ow is mixed. The degree of turbulence is 
determined by Reynold’s number, Re, which is given by the 
equation,

Re = 
2rvd

m
 Where v is the average velocity of the fl owing gas, d is the 
density of the gas, and n its viscosity. If Re exceeds 2000, fl ow 
is generally turbulent. As seen from the equation, Re would be 
higher in case of larger airways and for high fl ow rates. Since 
these factors increase turbulence, resistance is also higher at 
higher fl ow rates.

Fig. 4.4.8: Diagrammatic representation of two alveoli lined with the 
surfactant. The amount of surfactant, shown as black dots, is the 
same in both alveoli, but its distribution is more dense in the small 
alveolus. Since the surfactant reduces surface tension, the tension 
is lower in the small alveolus. Since a lower tension is associated 
with a smaller radius, the fraction tension/radius is constant. Hence 
the pressure in large and small alveoli is equal. That is why small 
alveoli do not collapse into large alveoli.

Fig. 4.4.9: Protective function of the surfactant. The foreign particle 
(FP) is phagocytosed by macrophages after it has formed a complex 
with surfactant protein A (SP-A), I, alveolar epithelial cell type I; II, 
epithelial cell type II.
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Factors Infl uencing Airway Resistance
A large number of physiological and pathological factors infl u-
ence airway resistance. The mechanism of these infl uences can 
be understood in terms of the physical principles discussed 
above.

State of Contraction of Bronchial Musculature
Contraction of bronchial musculature reduces the radii of bron-
chi and thereby increases the airway resistance. Bronchial mus-
culature is under autonomic control. Sympathetic stimulation 
relaxes the bronchial smooth muscle, whereas parasympathetic 
stimulation induces its contraction. Sympathetic stimulation 
and adrenaline relax bronchial musculature via beta-adrenergic 
receptors. That is why drugs which stimulate beta-adrenergic 
receptors are sometimes used to relieve bronchoconstriction 
during an attack of bronchial asthma.

Lung Volume
When the lungs expand, they stretch the small airways, thereby 
increasing their diameter, and reducing the airway resistance. 
Hence knowing the lung volume is important during measure-
ment of airway resistance.

Breathing
During inspiration, small airways get stretched. This is 
partly due to the increase in the volume of the lungs as dis-
cussed above, and partly due to the negative pressure in the 
alveoli. Hence airway resistance is lower during inspiration. 
Conversely, during expiration, the lung volume gets smaller, 
and the positive alveolar pressure compresses the airways. 
Some small airways might even collapse and close completely 
during forceful expiration. These factors reduce airway diame-
ter. Hence airway resistance is higher during expiration. These 
simple facts explain, in qualitative terms, many important 
physio logical and pathological observations, viz.:
a. The expiratory fl ow rate cannot be increased beyond a cer-

tain maximum in spite of increasing the muscular effort 
during expiration.

b. Patients fi nd expiration much more diffi cult than inspiration 
during an attack of bronchial asthma.

c. In asthma, wheezing and rhonchi originate in the small air-
ways, and are typically expiratory. In contrast, if rhonchi 
are due to obstruction of large airways by mucosal swelling 

or viscid secretions (as in bronchitis), they are heard during 
both inspiration and expiration.

Dust and Smoke
Dust and smoke particles add to the friction associated with air 
fl ow during breathing. Therefore airway resistance increases in 
a polluted atmosphere and during smoking.

Determination of Airway Resistance
Airway resistance is equal to the driving pressure gradient 
divided by the rate of fl ow. The rate of air fl ow can be deter-
mined using a pneumotachograph. The driving pressure is the 
difference between the alveolar pressure and the atmospheric 
pressure. Hence the driving pressure may be easily calculated 
if we can measure the alveolar pressure during air fl ow. The 
alveolar pressure during air fl ow can be measured by whole 
body plethysmography.
 The principle of whole body plethysmography is a little 
complex but interesting to understand (Fig. 4.4.10). The person 
sits in an airtight chamber. An arrangement is made to meas-
ure any change in pressure in the chamber. During inspiration, 
the chest expands. Hence the volume of the person increases, 
compressing the gas in the chamber. Therefore the pressure 
in the chamber increases (say, by  P). From  P, change in 
the volume of the chamber (say,  V) can be calculated using 
Boyle’s law. The change (decrease) in the volume of gas in the 
chamber is the same as the change (increase) in the volume 
of the chest or lungs. Therefore  V gives us also the change 
in volume of lungs. If the original volume of lungs is known, 

 V can give us alveolar pressure using Boyle’s law. Similarly, 
arguing in opposite fashion, during expiration there is a 
decrease in the chamber pressure, which can indirectly give 
alveolar pressure.3

 During inspiration, R = 
Atmospheric pressure – Alveolar pressure

Rate of air fl ow
 During expiration, R = 

Atmospheric pressure – Alveolar pressure
Rate of air fl ow

 The average normal airway resistance in healthy adults is 
1.6 cm water/L/sec.

Fig. 4.4.10: Principle of whole body plethysmography. The rec tangle represents the plethysmo graph and the ‘chest’ represents the whole 
body. The arrangement is meant for an indirect compu tation of alveolar pressure during air fl ow associated with inspiration or expiration. In 
contrast, for mea sure ment of compliance (Fig. 4.4.5) alveolar pressure is recor ded when there is no air fl ow.

3 It will be a good exercise for you to practise the opposite set of arguments mentally, preferably using paper and pencil for scribbling the chain of 
thought.
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Pathophysiology of Raised Airway Resistance
Airway resistance is increased in bronchial asthma due to bron-
chospasm, and in chronic bronchitis due to mucosal oedema 
and secretions. It is also increased if any type of swelling 
obstructs the airways from within, or presses on the airways 
from outside.
 The characteristic diagnostic feature of airway resistance is 
slower expiration, so that the fraction of vital capacity expired 
in one second (FEV1) is reduced. This has a number of poten-
tial consequences. First, since expiration needs more time, the 
respiratory frequency may be reduced. But this cannot be done 
beyond a certain limit because it impairs alveolar ventilation. 
Second, expiration is quickened by employing expiratory mus-
cles. But this also has limits because (a) it makes the patient 
tired, and (b) increased intrathoracic pressure compresses the 
airways, and increases the airway resistance further. Third, 
the next inspiration begins before expiration is complete 
(Fig. 4.4.11). In other words, the functional residual capacity 
(FRC) is increased. Since the tidal volume remains normal, 
the lung volume at the end of inspiration is increased. Since 
expiration now begins at a higher volume, the elastic recoil of 
the lungs is stronger than before. This assists expiration, and 
everything seems apparently normal except that the breath-
ing cycle operates at a higher volume. If the airway resistance 
increases further due to progression of the disease, the lung 
volume increases further till a new balance is achieved. That is 
why patients with increased airway resistance develop a barrel-
shaped chest. Further, increase in lung volume beyond a certain 
point stretches the elastic tissue of lungs beyond the limits of 
tolerance. This is one of the factors which contributes to the 
breakdown of lung elastic tissue in chronic bronchitis, thereby 
leading to emphysema.

WORK OF BREATHING
As you know, work done is the product of force multiplied 
by distance. In breathing, force is analogous to the change in 
pressure, and distance corresponds to the change in volume. 
If we plot the change in interpleural pressure during inspi-
ration against change in volume, we get the curve shown in 
Figure 4.4.12A. The work done is then represented by the 
shaded area enclosed by the curve. The work of breathing has 
two broad components. One component is the elastic work 
done to overcome the elastic recoil of the lungs and chest wall. 
This component follows the behaviour of elastic structures, i.e. 
force is directly proportional to the distance moved. Hence, 
the pressure-volume curve would have been a straight line if 
elastic work was the only component involved (Fig. 4.4.12B). 
The additional area occupied by the curve is due to the second 
component of the work of breathing, viz. work required for 
overcoming viscous resistance. The viscous resistance is a fric-
tional force, and therefore depends on the velocity of motion. 
That is why the work done to overcome viscous resistance is 
maximum at the middle of inspiration when velocity of air 
fl ow is the highest. Also, this component of the work of breath-
ing is increased if the velocity of air fl ow increases, as during 
hyperventilation.
 The work done to overcome viscous resistance can be fur-
ther split into two components (Fig. 4.4.12C). A small fraction 

is tissue resistance, i.e. friction between layers of tissues con-
stituting the lungs and thoracic cage. However, most of the vis-
cous or frictional resistance is attributable to the airway resist-
ance. That is why the work done to overcome viscous resist-
ance increases in obstructive lung disease.
 During expiration, the airfl ow is comparable to that during 
inspiration. Therefore, a comparable amount of work is done to 
overcome viscous resistance (Fig. 4.4.12D). But the respiratory 
muscles do not have to perform this work because it can be 
done by the elastic recoil of the lungs and thoracic cage which 
have a strong tendency to shrink at the end of inspiration. In 
fact, the energy of elastic recoil is capable of doing much more 
work than is required to overcome viscous resistance. The 
remaining energy is dissipated as heat.

Energy Cost of Breathing
During quiet breathing, a healthy person spends less than 5% 
of his total oxygen consumption on breathing. But the percent-
age can increase enormously, and may be the limiting factor 
for the breathing effort, during exercise or in lung diseases. In 
restrictive lung diseases, i.e. diseases in which distensibility 
(or compliance) of the lungs may be reduced, e.g. fi brosis of 
the lungs, the elastic component of the work of breathing is 
increased. In obstructive lung disease, i.e. diseases in which 
airway resistance may be increased, e.g. bronchial asthma, the 
work required to overcome viscous resistance is increased.
 The magnitude of the elastic component of the work of 
breathing depends on the degree of expansion of the lungs. 
Therefore, patients with restrictive lung disease tend to take 
shallow breaths. In order to achieve satisfactory alveolar venti-
lation, they increase the frequency of breathing. Thus the most 
economical (in terms of energy cost), and therefore the most 
convenient (i.e. least tiring) method of breathing for patients 
with restrictive lung disease is rapid and shallow breathing.
 On the other hand, the magnitude of the frictional (or vis-
cous) component of the work of breathing depends on the 
velocity of air fl ow. Therefore patients with obstructive lung 
disease tend to take slow breaths. Their frequency of breathing 

Fig. 4.4.11: Effects of increased airway resistance: diffi cult expiration, 
decrease in FEV1 and increase in functional residual capacity.
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is accordingly low, which helps them in reducing the number 
of repetitions per minute of the fat portion of the viscous 
resistance work (WVR, Fig. 4.4.12B). They achieve satisfac-
tory alveolar venti lation by increasing the tidal volume. Hence 
the most economical and convenient method of breathing for 
patients with obstructive lung disease is slow and deep breath-
ing. Patients with different types of lung disease discover on 
their own the pattern of breathing that is best for them although 
they may not be able to explain why it is so!

QUESTION AND PROBLEM

1. Comment critically on Anthony Smith’s statement that 
lungs are a brilliant executions of a poor design.

ANSWER AND SOLUTION
1. Anthony Smith considers the design of lungs to be poor 

because ‘like a single door bus’, the entry and exit of air 
are through the same passage. But the execution is brilliant 
because the lungs are able to accomplish their function with 
remarkable effi ciency and have an enormous physiologi-
cal reserve to meet challenges. While in case of a bus, hav-
ing two doors increases effi ciency, it is doubtful if having a 
separate entry and exit would be of great benefi t in case of 
lungs. In case of lungs it would mean having a pump which 
would continuously suck in a gentle stream of air through 
one opening and push it out through the other. Between 
the two openings the air would be exposed to a thin mem-
brane across which gaseous exchange with the blood could 
be accomplished. If the purpose is to have continuous 
exchange of air, that is accomplished by the lungs even as 
they are. The alveolar air shows much less fl uctuation in 
composition than inspired and expired air. Since alveolar 
air PO2 is consistently higher and PCO2 consistently lower 
than that of pulmonary artery blood, gas exchange in alveoli 
is a continuous process. Hence not much improvement in 
performance may be expected by having a separate entrance 
and exit for air. On the other hand separate passages would 
imply occupying more space, additional safeguards to pro-
tect these passages, and additional diseases which could 
affl ict them!

REFERENCE
1. Smith A. The Body. London: George Allen and Unwin Ltd. 

1968;485.

Figs 4.4.12A to D: Work of breathing: (A) The shaded area shows the 
total work of inspiration (WIN), (B) WIN may be split into elastic work 
(WE) and work required for overcoming viscous resistance (WVR), 
(C) WVR may be further split into work required for overcoming 
tissue resistance (WTR) and work required for overcoming airway 
resis tance (WAR), (D) During expiration, work is done to overcome 
viscous resistance (WVR). The elastic recoil of the lung and thoracic 
cage provides energy for WVR and also additional energy (stippled 
area) which is dissipated as heat.
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4.5
Regulation of Respiration

Respiration enjoys the distinction of being an involuntary func-
tion which can be infl uenced voluntarily. We normally breathe 
rhythmically without being aware of it. The rate and depth of 
respiration change appropriately in response to alterations in 
metabolic demands without any voluntary effort on our part. 
Yet, like any other skeletal muscle, we can order our respiratory 
muscles to contract or relax to achieve a voluntarily desired 
pattern of breathing. The dual control has great functional sig-
nifi cance. The involuntary control relieves us of the worry to 
remember breathing. If breathing were under only voluntary 
control, imagine our fate if some other preoccupation made us 
forget breathing for a few minutes. However, the possibility 
of voluntary control facilitates the essential activity of talking, 
and the pleasant activity of singing. But in a situation in which 
voluntary control threatens survival, involuntary control takes 
over. That is why it is impossible to commit suicide by hold-
ing the breath voluntarily. Besides involuntary and voluntary 
control, breathing is also infl uenced by emotions, as refl ected 
in expressions such as ‘a sigh of relief’. An involuntary process 
which can be adjusted voluntarily, and is also subject to emo-
tional repercussions, cannot but have a complex control. We 
shall try to simplify the complexity by breaking it into bits, and 
looking at only one bit at a time.1

NEURAL REGULATION OF RESPIRATION
Galen (131-200AD) seems to be the fi rst one to have made the 
observation that if the spinal cord of a pig is sectioned near 
enough to the brain, the pig stops breathing. Further, he found 
that if the cord was sectioned below the level at which phrenic 
nerves emerge, the diaphragm still moved. However, it was 
only in the 19th century that medulla oblongata was shown to 
be the part of the brain which is indispensable for breathing.

Medullary Respiratory Group
The principal areas in the medulla oblongata concerned with 
regulation of respiration have been shown in Figure 4.5.1.

1 You will understand the neural regulation of respiration better after you have studied nervous system. But it will be best to give it a reading now, and 
read it again when you have studied nervous system.

Fig. 4.5.1: The medullary respiratory groups. The regions shown in 
black have predominantly expiratory neurons while blue areas have 
predominantly inspiratory neurons. The pre-Bötzinger complex has 
pacemaker neurons which are important for rhythmogenesis.

Dorsal Respiratory Group
The dorsal respiratory group of neurons (DRG) occupy the 
tractus solitarius and the neighboring reticular formation. Most 
of these neurons show activity synchro nous with inspiration. 
Some of the DRG neurons project to the nucleus of the phrenic 
nerve (the nerve which supplies the diaphragm).

Ventral Respiratory Group
The ventral respiratory group of neurons (VRG) occupy a long 
column in the ventrolateral medulla. The rostral VRG neurons 
also show activity primarily synchronous with inspiration, and 
may therefore be called inspiratory (I) neurons. Caudal VRG 
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neurons are mostly expiratory (E) neurons. But since expira-
tion is generally a passive process, E neurons are silent most of 
the time. However, E neurons show activity synchronous with 
expiration when the breathing is forceful, as during exercise. 
There is also a small group of E neurons rostral to the rostral 
end of the VRG, called the Bötzinger complex.

Pre-Bötzinger Complex
Between the Bötzinger complex and rostral VRG is a group of 
neurons known as the pre-Bötzinger complex (PBC). Almost 
all neurons in the PBC project to neurons in the VRG. The 
activity of PBC neurons is pre-inspira tory, early inspiratory or 
post-inspiratory, i.e. correspond ing to respiratory phase transi-
tions. Early observations had shown that the basic respiratory 
rhythm is main tained even if all afferent input to the medulla 
is severed, and the brain is sectioned both above and below 
the medulla. Although the issue is still controversial, it is now 
widely believed that the neurons responsible for generation of 
the respiratory rhythm reside in the PBC. Apart from the fact 
that these neurons fi re during phase transitions, and their con-
nections indicate that they can drive the activity of I neurons 
in the rostral VRG, another piece of evidence in favor of the 
hypothesis is the pace-maker like properties of PBC neurons. 
PBC has some neurons which, when provided with a tonic 
excitatory input, show rhythmic bursts of activity. Hence it 
has been hypothesized that PBC has a hybrid network of ordi-
nary and pacemaker neurons. The ordinary neurons provide 
the tonic input, and the pacemaker neurons fi re rhythmically. 
Thus the PBC seems to generate the basic respiratory rhythm, 
which is modulated by the various infl uences affecting the rate 
of respiration.
 Now we shall examine the infl uences superimposed on the 
basic respiratory rhythm generated in the medulla.

Pontine Respiratory Centres
The existence of pontine respiratory centres is based on the fol-
lowing observations (Fig. 4.5.2).
1. Sectioning the brain between the medulla and pons leaves 

the basic respiratory rhythm intact.
2. Sectioning the brain at midpontine level together with bilat-

eral vagotomy leads to prolonged inspiratory spasms which 
are only briefl y interrupted by expiration. This abnormal 
respiratory pattern is called apneusis. However, apneusis is 
observed only if both midpontine section and vagotomy are 
done. If either of these procedures is performed singly, the 
respiratory rhythm is not markedly altered.

3. Sectioning the brain rostral to the pons leaves the respira-
tory rhythm intact even if combined with vagomy.

 These observations have been explained as follows:2

 The basic respiratory rhythm is established in the medulla. 
The rhythm is ‘spoilt’ by a strong inspiratory drive originat-
ing in the caudal pons. The region where this drive originates 
is called the apneustic centre. The rhythm is restored by two 
infl uences which inhibit the inspiratory drive originating in 
the apneustic centre. One of these infl uences originates in the 

2 It will be an interesting exercise for you to jog your mind and work out an explanation yourself before reading further. All these observations fi t into a 
neat and rather simple scheme.

Fig. 4.5.2: Sectioning the brain (1) between the medulla (M) and pons 
(P) leaves the basic respiratory rhythm intact. A mid-pontine section, 
(2) together with vagotomy (VX) leads to apneusis. Sectioning the 
brain rostral to the pons (3) leaves the respiratory rhythm intact. S1, 
S2 and S3, diagrammatic representation of the respiratory pattern 
after sections 1,2 and 3 respectively. Note the prolonged inspiratory 
spasms (apneusis) when section 2 is combined with vagotomy 
(S2 + VX). Inspiration has been depicted upwards and expiration 
downwards in all diagrams.

Congenital Central Hypoventilation

Congenital central hypoventilation is a disease in which the 
brain fails to respond adequately to stimuli which normally 
stimulate respiration. Although the disease is rare, its impor-
tance lies in the light which it throws on the mechanisms of 
regulation of respiration. The newborn is put on a respira-
tor, and has to stay on the respirator almost indefi nitely. 
Most patients succumb to the disease quite early in child-
hood. There is, however, at least one documented case in 
which a dedicated nurse taught the patient, Alex, when he 
was three and a half, how to breathe. The training exploited 
the fact that although generally an involuntary process, res-
piration is amenable to voluntary control. Alex was taught 
to move his chest almost the way a child learns walking. In 
the beginning, he occasionally forgot to breathe when dis-
tracted by something attractive. But soon he became accus-
tomed to breathing without a break. However, voluntary 
breathing is incompatible with sleep. Therefore Alex had to 
be connected to a respirator every night so that he could 
sleep without having to worry about breathing. The story 
of Alex demonstrates the dissociation of the dual control of 
breathing: the involuntary control having failed in his case, it 
was the voluntary control that made it possible for him to 
live.

Reference
Marion R. Alex goes for a walk. Reader’s Digest (Indian edi-
tion). 1991(May);138 (829):117-124.

upper pons. The region where the infl uence originates is called 
the pneumotaxic centre. The other infl uence which inhibits 
inspiratory activity is mediated by the vagi. We shall learn more 
about the role of vagi in respiration a little later in this chapter. 

4.5.indd   2434.5.indd   243 8/23/2010   12:10:50 PM8/23/2010   12:10:50 PM



SE
C

T
IO

N
 4

: 
R

es
p
ir

at
io

n

244

Fig. 4.5.3: Explanation for the respiratory pattern observed after 
sections 1, 2 and 3 with or without vagotomy. In addition to the 
dor sal and ventral respiratory groups (DRG and VRG respectively) 
shown in Figure 4.5.1, an apneustic centre (Apn), pneumotoxic 
centre (Pn) and vagus nerve (V) have also been shown. A. Diagram-
matic representation of the respiratory centres. B. Interaction of 
the respiratory centres and vagus nerve. +, stimulatory effect;
–, inhibitory effect; I, inspiratory neurons; E, expiratory neurons.

Fig. 4.5.4: Hering-Breuer reflex. A and B. Effect of occluding 
the trachea on contraction of isolated strip of rabbit diaphragm. 
The trachea was occluded between the arrows. I, diaphragmatic 
contraction corresponding to inspiration; E, diaphragmatic relaxation 
corresponding to expiration. (A) The trachea was occluded at the end 
of inspiration when lungs were full. Tracheal occlusion prevented 
the lungs from emptying, leading to prolonged stimulation of 
pulmonary stretch receptors. That resulted in inhibition of inspiration 
and consequently prolonged relaxation of the diaphragm, (B) The 
trachea was occluded at the end of expiration, when the lungs were 
partly defl ated. Tracheal occlusion prevented the lungs from fi lling 
up, leading to prolonged lack of stimulation of pulmonary stretch 
receptors. That results in stimulation of inspiration and consequently 
prolonged contraction of the diaphragm, (C) Diagrammatic 
representation of the mechanism underlying Hering-Breuer refl ex. 
Information about the degree of infl ation of lungs is conveyed from 
the pulmonary stretch receptors by afferent fi bres of the vagus nerve 
(V). Activation of the vagal fi bres leads to inhibition of inspiratory 
neurons (Insp) in the dorsal group of medullary respiratory neurons. 
The inspiratory neurons act by stimulating the motor neurons (MN) 
which supply inspiratory muscles such as the diaphragm. –, inhibitory 
infl uence; +, excitatory infl uence.

Either of the two infl uences, pneumotaxic centre or the vagi, 
seems to be adequate to keep apneusis in check (Fig. 4.5.3). 
Whether these restraining influences inhibit the apneustic 
centre or the medullary inspiratory neurons is controversial.
 While this scheme is very neat and attractive, it is worth 
remembering that it is based largely on obser vations made in 
anaesthetized cats. The situation in conscious animals could 
be very different. For example, it has been shown that even the 
combined loss of pneumo taxic centre and vagi does not lead to 
apneusis in con scious animals. Possibly higher regions of the 
brain, which get depressed by anaesthetics, can compensate for 
the loss of pneumotaxic centre and vagi in conscious animals.

Higher Neural Infl uences
Marked changes in respiration are observed on electrical stim-
ulation of various regions of the hypothalamus and cerebral 
cortex. The infl uence of hypothalamus and the other parts of 
limbic system on respiration is only to be expected in view 
of respiratory changes being a part of emotional expression. 
Cortical infl uences on respiration may also be anticipated from 
the ease with which changes in the pattern of breathing can be 
brought about voluntarily. Cortical and limbic infl uences are 
super imposed on the pontomedullary respiratory centres dis-
cussed earlier.

Respiratory Refl exes
The respiratory rhythm is altered refl exly not only in response 
to metabolic signals but also in response to proprioceptive and 
irritant stimuli. Some of the better known respiratory refl exes 
have been discussed below.

Hering-Breuer Refl ex
Hering-Breuer refl ex is an instance of proprioceptive control 
in a broad sense. Proprioceptive control refers to alteration in 

skeletal muscle activity in response to changes in position of 
some part of the body. In this case, the skeletal muscles are the 
respiratory muscles, and the change in position refers to the 
dimensions of the chest. Hering and Breuer discovered in 1868 
that every inspiration brings about its own end by virtue of the 
pulmonary distension which it induces. That is how expiration 
is initiated (Fig. 4.5.4). They also found that the converse is 
true as well: reduction in lung volume initiates inspiration. The 
state of lungs is detected by a heterogenous group of recep-
tors located in the tracheo bronchial tree and visceral pleura 
(not the lungs!). However, since these receptors are sensitive 
to the degree to which the lungs are stretched, they are often 
referred to as pulmonary stretch receptors. But it is good to 
keep in mind that the term pulmonary stretch receptors has a 
physiological connotation: it does not indicate the anatomical 
location of these receptors. Information is conveyed from the 
pulmonary stretch receptors to the central nervous system by 
the vagus nerve. The refl ex centre lies in the tractus solitarius 

A B
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of medulla oblongata, and has two distinct divisions. One of 
them initiates inspiration, and the other expiration.
 Hering-Breuer reflex is the strongest in rabbit and 
weakest in man. The refl ex cannot be elicited in adult human 
beings in the range of the normal tidal volume. But the refl ex 
is present if the tidal volume exceeds 1 liter, and in newborn 
infants.

Head’s Paradoxical Refl ex
Infl ation of lungs, under certain conditions, enhances inspira-
tory activity. Since infl ation induces further infl ation of lungs, 
the refl ex is considered paradoxical. The refl ex, fi rst described 
by Head in 1889, is seen when conduction in vagi has been par-
tially blocked by cooling to 5°C. At this temperature, conduc-
tion in the vagal fi bres which mediate Hering-Breuer refl ex is 
blocked. The vagal fi bres mediating Head’s paradoxical refl ex 
carry information originating in receptors present in lungs, also 
grouped under the broad category of pulmonary stretch recep-
tors. The physiological role of Head’s refl ex is uncertain; it 
may have a role to play in initiation of respiration at birth. The 
foetus is delivered with empty lungs. The fi rst breath cannot fi ll 
up the lungs completely, but if every infl ation promotes more 
infl ation, it would facilitate fi lling up of the lungs. Initiation of 
breathing in the newborn has been discussed in greater detail 
later.

Intercostal and Phrenic Proprioceptive Refl exes
Skeletal muscle tone is regulated by a spinal refl ex called the 
stretch refl ex, on which are superimposed many infl uences 
originating at various levels in the central nervous system. 
The receptors for the stretch refl ex are located in the skeletal 
muscle itself. As the name indicates, these receptors are sensi-
tive to stretch, and get stimulated when the muscle as a whole is 
stretched. The response is contraction of the muscle, which neu-
tralizes the stretch which gave rise to the refl ex (Chapter 14.1). 
Similar refl ex mechanisms have been observed to control the 
activity of intercostal muscles and diaphragm also. Where the 
mechanical load on the respiratory system is increased, inter-
costal muscles are stretched, leading to increased strength of 
contraction of the intercostal muscles. It has been observed that 
increase in intercostal nerve afferent activity leads to contrac-
tion of neighbouring intercostal muscles. This refl ex has been 
termed the intercostal-to-intercostal refl ex.
 The diaphragm has relatively few stretch-sensitive recep-
tors. But this seems to be compensated by the refl ex contrac-
tion of the diaphragm in response to afferent nerve impulses 
originating in lower intercostal nerves. This refl ex has been 
termed the intercostal-to-phrenic refl ex.
 Intercostal and phrenic proprioceptive refl exes may be par-
ticularly important when extra respiratory effort is required to 
overcome an obstruction in the airways.

J Refl exes
These refl exes, involving a complex of somatic and visceral 
responses, are due to stimulation of J receptors, discovered in 
1954 by AS Paintal, an eminent Indian physiologist. The term 
J receptors is an abbreviated version of juxtapulmonary capil-
lary receptors, which was the name given to them on the basis 

of their being located very close to the pulmonary capillaries 
(Fig. 4.5.5). These receptors are innervated by unmyelinated 
afferent vagal fi bres. The natural stimulus for J receptors is 
pulmonary congestion but they may be stimulated experimen-
tally by injection of phenyldiguanide into the right atrium or 
right ventricle, or by halothane insuffl ation into the lungs. 
Pulmonary congestion stimulates J receptors by producing 
an increase in interstitial fl uid volume consequent on rise in 
pulmonary capillary pressure. It has also been hypothesized 
that the receptors are in intimate association with the collagen 
tissue that lies between the capillary endothelium and the alve-
olar membrane. The collagen tissue soaks water like a sponge. 
When there is an increase in interstitial fl uid, the sponge swells 
up, and stretches the J receptors, leading to their stimulation. 
The refl ex response to J receptor stimulation using phenyldi-
guanide in anaesthetized animals is apnoea, hypotension and 
bradycardia. But stimulation so induced is much stronger than 
is likely under physiological circumstances. The response to 
weaker stimulation is increase in the rate of breathing (tachyp-
noea). Another refl ex response to J receptor stimulation in cats 
is inhibition of stretch refl ex of fl exor and extensor muscles of 
hindlimb. The pathway for this inhibition of somatic muscular 
activity involves centres in the brain, possibly in the caudate 
nucleus.
 The physiological role of J receptors is thought to be that 
they are stimulated by the increase in pulmonary capillary 
pressure that occurs during exercise, specially at high altitude, 
but to some extent also at sea level. Stimulation of the J recep-
tors produces tachypnoea which leads to an unpleasant sensa-
tion (dyspnoea), and inhibition of stretch refl exes in skeletal 
muscles. Both these factors tend to discourage exercise, and 
thereby protect us from the exercise reaching a level which 
might precipitate pulmonary oedema.

Refl exes Originating in Irritant Receptors
Irritant receptors are located in the trachea, major airways, and 
also intrapulmonary airways. The highest concentration of irri-
tant receptors is in the larynx and at the point where the trachea 
divides into bronchi, called the carina.
 Irritant receptors are naturally stimulated by cold air, 
mucus, dust and any other particulate stimuli that might reach 
the airways. Information from the irritant receptors is conveyed 
to the central nervous system by vagal afferent fi bres.
 The refl ex effects of stimulation of irritant receptors are 
bronchoconstriction, hyperpnoea and sometimes cough. Cough 
refl ex is a protective refl ex which prevents irritant particles 
from entering the respiratory tract.

Fig. 4.5.5: J receptors are located in the interstitial space between 
alveoli and pulmonary capillaries.
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CHEMICAL REGULATION OF RESPIRATION

Although regulation of respiration is conventionally divided 
into neural and chemical, the division is arbitrary, imperfect and 
even misleading. Chemical signals which regulate respiration 
are sensed either by peripheral or central chemoreceptors, the 
stimulation of which leads to refl exes mediated by the nervous 
system. The major signals are PO2 and PCO2, and pH, which 
depends substantially on PCO2. Since oxygen and carbon diox-
ide form the pivot around which respiration revolves, the justi-
fi cation for the expression ‘chemical regulation’ lies in that the 
chemical signals responsible for the refl exes are also the ones 
which are regulated by the refl exes.

Central Chemoreceptors
These receptors are located in a chemosensitive area on the 
ventral surface of the medulla oblongata near the exit of the 
ninth and tenth cranial nerves (Fig. 4.5.6). The chemosensitive 
area is distinct from the medullary respiratory groups discussed 
earlier. The primary stimulus for the central chemoreceptors is 
an increase in the hydrogen ion concentration. Stimulation of 
central chemoreceptors by increased hydrogen ion concentra-
tion leads to excitation of the respiratory groups, thereby pro-
ducing an increase in the rate and depth of breathing.
 Although the primary stimulus for central chemo receptors 
is an increase in hydrogen ion concentration, in actual practice 
the physiological stimulus is an increase in PCO2. The reason 
is that hydrogen ions cannot cross the blood-brain barrier. 
Therefore a change in the blood hydrogen ion concentration 
does not change the hydrogen ion concentration in the immedi-
ate vicinity of the chemosensitive neurons. On the other hand, 
carbon dioxide, being lipid soluble, can easily diffuse out of 
blood or cerebrospinal fl uid, and can dissolve in the extra-
cellular fl uid bathing the neurons to raise its hydrogen ion con-
centration. Thus an increase in blood PCO2 indirectly leads to 
an increase in hydrogen ion concen tration, which in turn stimu-
lates the central chemo receptors. However, if the increase in 
PCO2 is prolonged, as in chronic lung disease, the mechanisms 
which main tain acid-base balance tend to keep hydrogen ion 
concentration at the normal level. Persistent elevation of PCO2 
fi rst leads to an increase in the cerebrospinal fl uid bicarbonate 
concentration, and then to an increase in the blood bicarbo-
nate concentration to compensate for the respiratory acidosis. 
Hence the central respiratory response to elevated PCO2 does 
not continue beyond a few days.

Peripheral Chemoreceptors
The peripheral chemoreceptors which regulate respi ration are 
located in the carotid body and aortic body (Fig. 4.5.7). The 
characteristic cells of both these structures are called glomus 
cells. Glomus cells have a high dopamine content, which they 
possibly employ as a neurotransmitter. However, the exact role 
of glomus cells in chemoreception, and the nature of their rela-
tionship with nerve endings is controversial. Peripheral chemo-
receptors convey information to the dorsal group of medullary 
respiratory neurons, for which purpose the carotid body uses 
the glossopharyngeal nerve, and the aortic body uses the vagus 
nerve.

What is a Cough and What is a Sneeze?

Irritation of the airways, specially the larynx or the carina, 
by a noxious gas, foreign body or particulate matter, gener-
ally evokes the cough refl ex. The refl ex consists of a series 
of steps. The fi rst step is a deep inspiration. Second, the 
epiglottis and vocal cords are shut. Third, the expiratory 
muscles, including the abdominal muscles, contract force-
fully. Since the way out of the lungs is closed, there is a 
steep rise in pressure in the lungs. Finally, the epiglottis and 
vocal cords open suddenly leading to an explosive release of 
air from the lungs. The air is expelled at such a high veloc-
ity that the foreign body or particulate matter responsible 
for the refl ex is blown out. Thus the cough refl ex may be 
viewed as a protective refl ex which prevents the obstruc-
tion of airways by unwanted matter. The cough refl ex is 
depressed in an unconscious patient. That is why an uncon-
scious patient may die of respiratory obstruction produced 
by his own secretions or even his tongue.
 A sneeze differs from cough principally in the site of its ini-
tiation. A sneeze is evoked by irritation of the nasal mucosa. 
During the sneeze, air is also expelled partly through the 
nose so that the irritant is likely to be blown out.

Fig. 4.5.6: Anatomical location of the central chemoreceptors which 
regulate respiration.

 The blood fl ow to peripheral chemoreceptors, on per unit 
mass basis, is the highest in the body. With a blood fl ow of 
2000 mL/min/100 g tissue, the carotid and aortic bodies, in 
spite of their high metabolic rate, hardly remove any oxygen 
from the blood supplied to them. That is why the arteriovenous 
oxygen difference is negligible in these bodies. Thus these 
structures are ideally built to sense changes in arterial PO2.
 The most potent natural stimulus for peripheral chemore-
ceptors is low arterial PO2. The range in which they are maxi-
mally sensitive to this stimulus is between 30 and 60 mm Hg 
(Fig. 4.5.8). The other stimuli which activate peripheral chem-
oreceptors are high arterial PCO2 or an increase in arterial 
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hydrogen ion concentration. The response to activation of 
peripheral chemoreceptors is an increase in pulmonary ventila-
tion through an increase in the rate and depth of breathing.

Integrated Chemoreceptor Response
The three stimuli which can stimulate respiration through 
chemoreceptor mechanisms interact with each other in 
important ways. Let us examine some consequences of these 
interactions.
 Fall in arterial PO2 stimulates peripheral chemo receptors 
leading to respiratory stimulation. Increased ventilation washes 
off carbon dioxide from the body, leading to a fall in PCO2. A 
fall in PCO2 tends to depress respiration, mainly through cen-
tral chemoreceptor mechanisms. Thus the potency and duration 
of the respiratory effect of low PO2 is reduced. But if the stim-
ulus of low PO2 is combined with that of high PCO2 there is no 
attenuation of the effect of low PO2 by washing off of carbon 
dioxide. Therefore, the combined effect of low PO2 and high 
PCO2 on respiration is greater than the sum of their individual 
effects.

 In some respiratory diseases, pulmonary diffusion capac-
ity is impaired, leading to high blood PCO2. In such cases low 
PO2 acts as a potent stimulus to respiration. Moreover, low 
PO2 may be the main stimulus for respiration because the body 
adapts to high PCO2 by retaining bicarbonate as discussed 
earlier. Therefore, if such a patient is given 100% oxygen to 
breathe, correction of the low PO2 may remove the sole stimu-
lus for respiration. Therefore giving 100% oxygen depresses 
respiration in these patients, which may lead to death.
 In vigorous exercise, increased oxygen consumption leads 
to low PO2. That stimulates respiration but does not wash off 
enough carbon dioxide to reduce PCO2 because carbon dioxide 
production is also increased in exercise. The combined stim-
uli of low PO2 and high PCO2 may explain to a considerable 
degree the hyperventilation associated with exercise. Exercise, 
however, is a complex activity requiring coordination of mus-
cular, cardio vascular and respiratory function. All these aspects 
of exercise, including respiratory adaptations, have been dis-
cussed in greater detail in Chapter 11.10.

THE FIRST BREATH
Birth is an event involving a major change in the environ-
ment of the organism. From the point of view of respiration, it 
involves sudden transfer from a situation in which no breathing 
effort is necessary to one in which continual breathing effort 
is indispensable. Although breathing movements are not nec-
essary while the foetus is in the uterus, it shows, at least in 
early stages, fairly regular but shallow respiratory movements, 
occasionally interrupted by deep breaths. These movements 
may be considered rehearsals for life after birth. Further, in 
the uterus lungs of the foetus contain amniotic fl uid. Fluid has 
much higher viscosity and density than air, and hence it needs 

Fig. 4.5.8: Relationship between arterial oxygen tension and 
frequency of carotid body nerve impulses. Note that the sensitivity 
of chemoreceptors rises steeply after the PO2 falls below 60 mm Hg.

Fig. 4.5.7: Diagrammatic representation of peripheral chemoreceptors 
and their innervation.

The Mysterious Yawn

Yawning is a universal phenomenon among fi sh, reptiles, 
birds and mammals. But we still have neither a mechanis-
tic nor a teleological answer to the question why we yawn. 
However, we do have plenty of untested or refuted theo-
ries, claims and suggestions.
 It is often said that yawning is due to lack of oxygen or 
excess of carbon dioxide in the blood. But blood levels of 
oxygen and carbon dioxide show little correlation with 
yawning. The layman’s idea of a yawn is that it indicates 
boredom, fatigue and drowsiness. Possibly by stretching the 
jaw muscles, yawning helps overcome these. That is perhaps 
why an incomplete yawn, i.e. one concealed by clenching 
the teeth, is not fully satisfying. Yawns may sometimes have 
purely psychological reasons: watching somebody else yawn, 
or thinking or reading about yawns often makes one yawn. 
If you haven’t already had a yawn while reading this passage, 
you might have one now!
 Yawning is considered socially disrespectful not only 
among human beings but also some other animals. Among 
monkeys, only the dominant male monkey has the freedom 
to yawn whenever he feels like it. Females and subordinate 
males yawn only when the dominant male is not around!
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much more effort to move fl uid in and out of lungs than to 
move air. Secondly, a fl uid-fi lled lung cannot bring about much 
gas exchange. Hence a major require ment after birth is speedy 
replacement of fl uid by air so that respiratory movements can 
be easier and more useful in terms of gas exchange. Part of this 
vital task is unwittingly performed during delivery. The thorax 
is squeezed through the dilated, but still quite narrow, cervix 
and vagina, which results in expulsion of part of the fl uid from 
the lungs. The remaining fl uid is absorbed into the pulmonary 
capillaries after birth.
 Although some respiratory movements go on while the 
foetus is in the uterus, the factors which stimulate the fi rst, 
deep, meaningful breath after birth have been an interesting 
area of research and speculation. Squeezing of the thorax men-
tioned above may be one factor, the lower temperature outside 
as compared to inside the uterus may be another. Finally, since 
the body uses oxygen and produces carbon dioxide continu-
ously, suspension of respiration even for a short period results 
in a fall in arterial PO2 and rise in PCO2, both of which can 
stimulate respiration through chemoreceptor mechanisms. 
Since all these mechanisms underlying the fi rst breath are 
neural reflexes, they are depressed by anaesthesia. If the 
mother receives general anaesthesia during labour, the foetus is 
also anaesthetized. Hence the newborn has depressed refl exes, 
which might make it diffi cult to initiate the fi rst breath. That is 
why general anaesthesia should be avoided during labour.
 Since the lungs are partly fluid-filled during the first 
few breaths, intense effort is required to expand the lungs. 
Therefore the inspiratory pressures generated are of the order 
of 60 mm Hg. Further, since we start with lungs which have 
no air, the expired volume should be less than the inspired 
volume during the fi rst few breaths in order to build up a func-
tional residual capacity. This process is possibly facilitated 
by Head’s paradoxical refl ex because if inspiration stimulates 
further inspiratory activity, expiration will be cut short. Since 
absorption of fl uid from the lungs and building up of the func-
tional residual capacity are step by step processes, respiratory 

pressures continue to be signifi cantly higher than normal for 
nearly an hour after birth. That is why the breathing of a new-
born is laboured.
 After birth, there are also some haematological changes in 
the newborn which are possibly linked to respiratory function. 
The haemoglobin level in the foetus is high (15-18 g/100 mL 
in the newborn) and foetal haemoglobin has a higher affi nity 
for oxygen than adult haemoglobin (Fig. 3.16.3). These are 
believed to be adaptations to the hypoxic conditions prevail-
ing in the uterus. However, the importance of the high haemo-
globin level for survival is doubtful. In some human foetuses, 
haemoglobin level is as low as 4 g/100 mL due to erythrob-
lastosis foetalis, but they survive. In pigs and rats, the normal 
haemo globin level of the newborn is less than that of the adult. 
Thus the high haemoglobin level of the normal human foetus is 
probably a welcome physiological reserve, but not essential for 
survival.
 Besides the higher affinity of foetal haemoglobin for 
oxygen and the higher haemoglobin level of foetal blood, there 
is one more factor which enhances oxygen carriage by the foetal 
blood. Gas exchange between maternal and foetal blood across 
the placenta involves not only oxygen but also carbon dioxide. 
Carbon dioxide diffuses from the foetal blood to the maternal 
blood. This raises maternal PCO2 and lowers foetal PCO2. 
Thus Bohr effect works in opposite directions in maternal and 
foetal blood. In maternal blood, rise in PCO2 favours oxygen 
unloading. In foetal blood, fall in PCO2 favours oxygen uptake. 
Thus Bohr effect operates in both maternal and foetal blood 
to enhance oxygen supply to the foetus. This phenomenon is 
sometimes called the double Bohr effect. All these devices 
for increasing oxygen supply to the foetus are highly useful 

The Obstinate Hiccups

A hiccup involves two events in quick succession: a power-
ful contraction of the diaphragm, and closure of the glot-
tis. Contraction of the diaphragm induces a deep inspira-
tion; closure of the glottis stops the inspiration midway. 
Coughing and sneezing are defi nitely useful, yawning may 
have a purpose, but hiccups seem to be of no service at all. 
A few occasional hiccups are quite normal and harmless. But 
persistent hiccups are very troublesome, and may turn out 
to be dangerous.
 The underlying causes of hiccups can be very varied, and 
search for the cause is not always successful. The nature of 
treatment is equally heterogeneous and its effi cacy unpre-
dictable. The cause is often psychogenic, and the treatment 
also possibly works through suggestion. However, if the hic-
cups persist despite all the grandma’s tricks, doctors gener-
ally resort to blocking one of the phrenic nerves (For reca-
pitulation: phrenic nerves supply the diaphragm).

Oliver’s First Breath

The fact is that there was considerable diffi culty in induc-
ing Oliver to take upon himself the offi ce of respiration, a 
troublesome practice, but one which custom has rendered 
necessary to our easy existence; and for some time he lay 
gasping on a little fl ock mattress, rather unequally poised 
between this world and the next: the balance being decid-
edly in favour of the latter. Now, if, during this brief period, 
Oliver had been surrounded by careful grandmothers, anx-
ious aunts, experienced nurses, and doctors of profound 
wisdom, he would most inevitably and indubitably have been 
killed in no time. There being nobody by, however, but a 
pauper old woman, who was rendered rather misty by an 
unwonted allowance of beer; and a parish surgeon who did 
such matters by contract; Oliver and Nature fought out the 
point between them. The result was, that, after a few strug-
gles, Oliver breathed, sneezed, and proceeded to advertise 
to the inmates of the workhouse the fact of a new burden 
having been imposed upon the parish, by setting up as loud 
a cry as could reasonably have been expected from a male 
infant who had not been possessed of that very useful 
appendage, a voice, for a much longer space of time than 
three minutes and a quarter.

—Charles Dickens, in Oliver Twist
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because the PO2 of maternal blood in the placental sinuses is 
only about 50 mm Hg, and that of the oxygenated foetal blood 
is only 30 mm Hg. Thus foetal PO2 is much lower than arte-
rial PO2 in extrauterine life, and hence the foetus requires spe-
cial adaptations. Since the environment in the uterus resem bles 
that at high altitude, the adaptations also resemble those at high 
altitude. But after birth these adaptations are no longer nec-
essary. The haemoglobin level falls by haemolysis outpacing 
erythropoiesis, and the haemo globin type changes to the adult 
variety soon after birth.
 Adaptation of the foetus to low PO2 continues in the 
period immediately following birth, making the newborn 
somewhat resistant to hypoxia. That is why it does not matter 
much even if the fi rst breath is delayed by a few minutes. 
However, if the fi rst breath is delayed by more than 8 min, the 
baby may be left with permanent brain damage although it may 
survive.
 Thus a variety of mechanisms make it possible for the 
foetus to respire and survive in the uterus. Another set of 
mechanisms make the sudden transition from the hypoxic but 
sheltered uterine environment to the normoxic harsh extrauter-
ine environment smooth. One can only marvel at the elegantly 
coordinated events involved in the process.

QUESTIONS AND PROBLEMS

1. Why is respiration not stimulated in anaemia?
2. Why is double Bohr effect not possible in the lungs?

ANSWERS AND SOLUTIONS
1. In anaemia the oxygen carrying capacity of the blood is 

reduced but the PO2 is normal. Since peripheral chemore-
ceptors are sensitive only to PO2 they are not stimulated 
in anaemia. Hence respiration is not always stimulated 
in anaemia. However, in a situation of enhanced oxygen 
demand, such as exercise, reduced oxygen content of blood 
may lead to a steep fall in PO2, thereby stimulating the 
chemoreceptors. Hence respiratory stimulation and breath-
lessness are more easily precipitated by exercise in anaemic 
persons than in healthy persons.

2. Double Bohr effect, as seen in the foetus, is not possible 
in the lungs during extrauterine life because in the lungs 
gas exchange is between alveoli and blood. Bohr effect can 
operate only in blood. On the other hand, in the foetus gas 
exchange is between maternal and foetal blood. Therefore 
Bohr effect can operate in both bloods, thereby producing 
the double effect.
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4.6
Pulmonary Function Tests

The patient and his doctor are equally curious to get at the 
exact diagnosis, although sometimes for somewhat different 
reasons. When the doctor asks for some tests to be done, the 
patient is quite sure that when all the tests are over, the diagno-
sis will be clear. But in medicine, most of the diagnosis comes 
from a carefully taken history, a little of it from the physical 
examination, even less from the investigations, and still a sub-
stantial part of the diagnosis remains a secret for ever unless 
the patient has surgery or, God forbid, an autopsy. The poor 
diagnostic value of investigations is probably best illustrated 
by pulmonary function tests. Pulmonary function tests cannot 
give the diagnosis because the same degree of defect in ventila-
tion, perfusion or diffusion may occur in a wide variety of dis-
eases. As in case of other diseases, in lung disease also, most 
of the diagnosis comes from the history and physical examina-
tion. Among the investi gations, the most useful is an X-ray of 
the chest, which is not a pulmonary function test but only a 
window to the structure of the lungs. The value of pulmonary 
function tests lies in giving the functional nature of the disease 
(e.g. whether it is a ventilation defect, or a diffusion defect, 
etc.) and its severity. If the same tests are repeated at suitable 
intervals, they also give an idea of the progress of the disease. 
By telling whether the patient is better or worse than before, 
and to what extent, they help in assessing the effi cacy of treat-
ment. If a patient having a lung disease has to undergo surgery 
for any reason, pulmonary function tests tell the anaesthest-
ist whether the degree of lung function impairment is compat-
ible with safe anaesthesia. Pulmonary function tests also have 
a medicolegal value in deciding the amount of compen sation 
in cases where impairment of lung function might have been 
produced by an occupational hazard, e.g. by working in a coal 
mine. Thus pulmonary function tests have several uses, but it is 
important to know also their limited value in diagnosis.
 There are often several tests available for each aspect of 
pulmonary function. Some of the more important tests have 
been discussed in this chapter.

TESTS OF VENTILATION
The major aim of the tests of ventilation is to distinguish 
between restrictive and obstructive diseases. Restrictive 

diseases are characterized by reduced compliance which may 
be because of reduced distensibility of lungs (as in fi brosis) or 
a mechanical obstacle to expansion of lungs (as in scoliosis).
Obstructive diseases are characterized by increased airway 
resistance which may be due to bronchospasm (as in asthma), 
secretions (as in bronchitis), or a tumour within the airways or 
pressing them from outside.
 Although measurement of volumes and capacities by 
spirometry can, in general, give some idea of ventilatory func-
tion, a few specifi c measurements are of special value, and 
these have been discussed below.

Timed Vital Capacity (Forced Expiratory Volume)
This is the fraction of vital capacity which is exhaled in a 
given time when the subject tries to breathe out as fast as pos-
sible. The most common index used is the fraction breathed 
out during the fi rst second, denoted as FEV1. FEV1 is normally 
more than 80% of the vital capacity.
 A reduction in FEV1 indicates increased airway resistance, 
which is characteristic of obstructive lung diseases such as 
bronchial asthma.

Maximum Expiratory Flow Rate
Flow rates during breathing are also indicators of airway 
resistance. Since compression of small airways by the raised 
intrathoracic pressure during expiration makes the airway 
resistance higher than during inspiration, expiratory fl ow rates 
are more informative than inspiratory fl ow rates. The meas-
urement can be done from the same record as for FEV1. The 
expired volume is divided into four equal parts. The fl ow rate 
is calculated for the middle two parts, i.e. the middle half. 
This rate is termed the maximum mid expiratory fl ow rate 
(MMFR). The normal value for MMFR is greater than 3.5 
L.s–1. A decrease in MMFR indicates an increase in airway 
resistance.

Maximum Voluntary Ventilation
This test can also be done on a spirometer. The subject is asked 
to breathe as hard and as fast as possible for 15 s. The expira-
tory volumes during this period are added up to obtain pulmo-
nary ventilation for 15 s, from which the ventilatory rate per 
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min can be easily calculated1. The test is a combined indicator 
of compliance and airway resistance. However, it is impaired 
to a greater extent by an increase in airway resistance than by a 
decrease in compliance.
 Performing the MVV test is slightly uncomfortable for the 
subject. Therefore the subject may not cooperate fully, thereby 
leading to an erroneously low value. The normal value is usu-
ally more than 100 L/min.

Flow-volume Curve
The rate of air fl ow during breathing can be monitored continu-
ously using a pneumotachograph. The fl ow rate may be plot-
ted against lung volume to give a fl ow-volume curve. Try to 
visualize how the fl ow-volume curve will look if we start at the 
end of a deep inspiration and expire maximally and forcefully 
(Fig. 4.6.1). To start with, the lungs have about 6 L air, and 
the fl ow rate is zero. During expiration, the fl ow rate quickly 
mounts to a maximum, forcing out some air, and thereby 
reducing lung volume. Then the fl ow rate falls slowly till it is 
again zero at the end of the expiration. At the end of maximal 
expiration, the lungs contain only the residual volume.
 This curve may be altered dramatically in obstructive 
and restrictive diseases. In obstructive diseases, there is trap-
ping of air in the lungs. Hence, the starting as well as fi n-
ishing volumes are high. Further, the fl ow rate is low due to 
airway obstruction. In restrictive diseases, the lung volumes 
are low due to restrictions on expansion. Flow rates are also 
low because there is no need and no time for high fl ow rates 
in view of the reduced volume of air moved. But since airway 
resistance is not increased, the curve is more smooth than in 
obstructive lung disease. However, due to technical problems, 
fl ow-volume curves are not routinely plotted in clinical respira-
tory labo ratories.

Measuring Inequality of Ventilation
Besides adequacy of ventilation, it is also important to know if 
ventilation in different parts of the lung is uniform. This can be 
assessed by several methods.

Radioactive Xenon Method
Following inhalation of radioactive xenon, radioactivity is 
measured over the chest. A uniformly graded distribution of 
radioactivity is a rough indicator of uniform ventilation. The 
ventilation is normally greater at the bases than at the apices of 
lungs. But if the ventilation is uniform, the transition should be 
smooth.

Breath Nitrogen Test : Single Breath Technique
The patient is asked to take a single maximal inspiration of 
pure oxygen, and then to breathe out maximally at a slow and 
steady pace. Nitrogen concentration is measured continuously 
in the expired air (Fig. 4.6.2). Normally the nitrogen concentra-
tion is initially zero till most of the dead space air is breathed 
out. Then the nitrogen concentration rises steeply; this phase 

corres ponds to the expulsion of a mixture of dead space air and 
alveolar air. Finally, the nitrogen concentration reaches a pla-
teau which corresponds to the expulsion of alveolar air.
 If ventilation is uneven the plateau phase is not really a 
plateau, but rather shows a steady rise in nitrogen concentra-
tion. This happens because in the poorly ventilated alveoli, 
not enough oxygen can enter during inspiration. Therefore the 
nitrogen concentration in these alveoli is high. These poorly 
ventilated alveoli are also the ones which empty later during 
expiration, thereby giving rise to the steady rise in nitrogen 
concentration during the ‘alveolar phase’ of expiration.

Breath Nitrogen Test: Multiple Breath Technique
The subject is connected to a source of pure oxygen. The nitro-
gen concentration in the expired air is measured during the 

1 Although we need the value for 1 min, the test is performed for only 15 s because hyperventilation for more than 15 s may wash out carbon dioxide to 
such an extent as to lead to a very low arterial PCO2. A low PCO2 brings about cerebral vasoconstriction, which in turn may lead to unconsciousness. 
That is the basis of the old trick of taking deep breaths to fall asleep.

Fig. 4.6.1: Flow-volume curve during expiration. TLC, total lung 
capacity; RV, residual volume.

Fig. 4.6.2: Nitrogen concentration in expired air after a single deep 
inspiration of 100% oxygen. Normally the concentration reaches a 
plateau soon after the dead space air has been exhaled. But if the 
ventilation is uneven, the concentration reaches the fi nal level slowly.
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end-expiratory phase for a few successive breaths. Normally 
there is a steep fall in nitrogen concentration with each suc-
cessive breath because alveolar nitrogen is washed out by the 
inspired oxygen. If the nitrogen concentration in end-expired 
air during successive breaths is plotted against breath number 
on semilog paper, we get a straight line. But if ventilation is 
uneven, the plot is a curved line, and it takes more breaths 
for the nitrogen concentration to fall to zero. This happens 
because, as mentioned earlier, poorly ventilated alveoli with 
higher nitrogen concentration take longer to empty.
 Uneven ventilation may be seen in both restrictive and 
obstructive diseases of the lung.

Functional Residual Capacity
An increase in functional residual capacity (FRC) takes place 
through air trapping in diseases associated with chronic 
increase in airway resistance (Chapter 4.1). FRC cannot be 
measured by spirometry. It may be measured either by the 
helium dilution method or the nitrogen washout method.

Helium Dilution Method
This is a closed circuit method, i.e. the subject breathes through 
a closed system. The basic principle of the method is very 
simple: amount of a substance = volume × concentration.
 A known amount of helium is added to a bag or a spirom-
eter, the amount added being such as to achieve a helium con-
centration of 10%. Then the subject rebreathes in the closed 
system till the concentration of helium in the lungs and the bag 
becomes equal. The concentration is measured at the end of a 
normal expiration.2 Since no helium was present in lungs to 
start with, the same amount of helium which was added to the 
bag gets distributed between the bag and the lungs (Fig. 4.6.3). 
This amount and the new concentration being known, the 
volume of the lungs and the bag combined can be calculated. If 
we subtract the volume of the bag from the combined volume, 
we get the volume of lungs at the end of expiration, which is 
FRC.

 Suppose the volume of He added = 490 mL
 Concentration of He in the bag = 10%
 Volume of bag = 4900 mL
 Concentration of He after  = 7%
 rebreathing
 Then Volume of He = (Volume of lungs +
   bag) × Concentration 
   of helium
 or 490 = (Volume of lungs +

   bag) × 7
100

 or Volume of lungs + bag = 490 × 
100 
7

  = 7000 mL
 Hence FRC = 7000 – 4900
  = 2100 mL

Nitrogen Washout Method
This method is based on the knowledge that the alveolar nitro-
gen concentration is normally about 80%. If the subject washes 
out the nitrogen in the lungs completely, then from the amount 
of nitrogen washed out and the knowledge that it formed 80% 
of the air in the lung, the volume of air in the lungs can be 
determined.
 Starting with the normal end-expiratory position, the sub-
ject breathes 100% oxygen for a few minutes to wash out the 
nitrogen. In a normal adult, about 2 min of breathing nitrogen-
free air is enough to wash out all the nitrogen. However, in 
patients with poorly ventilated sections within the lungs, upto 
7 min may be required for the purpose. The expired air is col-
lected in a big spiro meter. The volume of air collected in the 
spirometer is noted and its nitrogen concentration determined.
 Suppose the volume of expired air
 collected in the spirometer = 40 L
 Concentration of nitrogen
 in the spirometer  = 4%

 Then amount of nitrogen = 40 × 
4

100  L
 in the spirometer
  = 1.6 L
  = 1600 mL

2 Why? Because FRC is the volume of air remaining in the lungs at the end of a normal expiration.

Fig. 4.6.3: Determination of functional residual capacity by helium 
dilution.
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 All this nitrogen was present in the FRC of the lungs, where 
it formed 80% of the gases present.

 Hence the volume of gases = 1600 × 
100
80

 mL
 in the lungs
  = 2000 mL
 Therefore FRC = 2000 mL

Dead Space

Dead space, i.e. regions of the respiratory tract which do not 
participate in gas exchange, are normally constituted by the 
airways (anatomical dead space), but in some diseases may 
additionally include also poorly perfused alveoli (physiological 
dead space).
 The most popular method for determination of anato mical 
dead space involves nitrogen analysis in the expired air fol-
lowing a single deep breath of 100% oxygen. The subject is 
asked to take a deep breath, and then breathe out slowly, at a 
steady rate, as much air as he can. The expired air is connected 
to a fl ow meter and a nitrogen analyser so that the fl ow rate and 
continuous nitrogen analysis are both available.
 At the end of the deep breath, the airways have pure oxygen. 
During expiration, air from the airways is breathed out fi rst, 
and therefore the nitrogen concen tration of expired air is zero 
(Figs 4.6.4A and 4B). The composition of the air coming from 
the alveoli is a resultant of the mixture of the oxygen breathed 
in, the air already present in the alveoli, and the gas exchange 
going on there. Therefore its nitrogen concentration is interme-
diate between that of the dead space air (0%) and that present 
in alveoli while breathing air (80%). The transition from the 
dead space concentration to the alveolar nitrogen concentration 
is not abrupt because of some inevitable mixing by diffusion 
at the junction of the dead space and alveoli. However, if the 
subject breathes out slowly at a steady rate, it may be assumed 
that had there been no diffusion, the transition would have been 
abrupt near the midpoint of the observed smooth transition. If 
the line of the theoretically derived transition from the dead 
space to alveolar air is drawn, the volume of air breathed out 
from the dead space can be determined. This method of deter-
mining anatomical dead space is also called Fowler’s method.
 Physiological dead space may be determined from simply 
the measurement of tidal volume and carbon dioxide concentra-
tion in alveolar air and mixed expired air. The method is based 
on the fact that all the carbon dioxide present in the expired 
air originates in the alveoli which participate in gas exchange 
(i.e. non-dead space alveoli).3 All the air expired by the subject 
over a known period is collected in a Douglas bag or spirom-
eter, and its volume measured. The respiratory rate during the 
period of collection is also noted so that the tidal volume can 
be calculated. In the present context it is useful to visualise the 
tidal volume as being made up of physio logical dead space and 
gas-exchange space. Further, the carbon dioxide concentra-
tion is determined in a sample of the mixed expired air col-
lected, and also in the alveolar air. For this purpose a sample of 
alveolar air is obtained by trapping in a football bladder the air 
breathed out towards the end of a prolonged expiration

Fig. 4.6.4A: Determination of anatomical dead space. Nitrogen 
concentration plotted against time. Initially the instrument records 
the atmospheric nitrogen concentration. Then it is connected to the 
subject. During inspiration (1), there is no expired air, and hence there 
is no nitrogen detected by the instrument. During expiration (2 and 
3), initially the person breathes out dead space air, which has only 
the oxygen just breathed in. Therefore, the nitrogen concentrations 
is zero. Later, the concentration of nitrogen gradually rises to a value 
which represents a mixture of air already present in alveoli and oxygen 
just breathed in. Theoretically, the transition from dead space air to 
alveolar air should be abrupt as indicated by the dotted line. But 
in practice the transition is smooth due to diffusion. 1, inspiration; 
2, expiration of dead space air; 3, expiration of alveolar air.

Fig. 4.6.4B: Determination of anatomical dead space. Nitrogoen 
concentration plotted against expired volume. There is not much 
difference in the shape of this curve and the curve in Figure 4.6.4A 
because the subject breathes out at a steady rate. The theoretical 
curve is shown by the dotted line. The curve obtained in practice is 
somewhat different due to diffusion. DS, dead space.

 Let the tidal volume = VT
 Dead space = VD
 Alveolar (gas exchange) space = VA
 Then VT = VD + VT

3 This assumption is reasonable because carbon dioxide concentration in inspired air is normally negligible.
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 or VA = VT – VD ... (i)
 Let the carbon dioxide concentration in expired air =  FECO2
 Carbon dioxide concentration in
 alveolar air = FECO2
Using the general principle, Amount = Concentration × 
Volume,
 Volume of  Concentration  Volume
 carbon dioxide = of carbon dioxide × of the
 in mixture   in the mixture  mixture
 Hence Volume of carbon dioxide in expired air

= FECO2
 × VT

 Similarly, Volume of carbon dioxide in alveolar air
= FACO2

 × VA

 Since all the carbon dioxide in expired air originates in the 
alveoli,
 Volume of  Volume of
 carbon dioxide = carbon dioxide in
 in expired air  alveolar air
 Therefore,

FECO2
 × VT = FACO2

 × VA

 Substituting the value of VA from (i), we have
 FECO2

 × VT = FACO2
 × (VT – VD)

or
 FECO2

 × VT = FACO2
 × VT – FACO2

 × VD
or
 FECO2

 × VD = FACO2
 × VT – FECO2

 × VT

or VD = 
VT (FACO2 

– FECO2
)

FACO2

 This equation is known as the Bohr equation,

Example4

  VT = 500 ml
  FECO2

 = 4%
  FACO2

 = 5.6%
Then, 4 × 500 = 5.6 × VT

  or 4 × 500 = 5.6 × (500 – VD)
  or 4 × 500 = 5.6 × 500 – 5.6 × VD

or  VT = 
5.6 × 500 – 4 × 500

5.6

or  VD = 
2800 – 2000

5.6
or  VD = 142.8 mL

 Since the concentration of a gas is proportional to its par-
tial pressure, partial pressures of carbon dioxide may be substi-
tuted for the concentrations in the Bohr equation. Further, since 
the alveolar PCO2 is nearly equal to the arterial PCO2 Bohr 
equation may be written as:

VD = 
VT (PaCO2 – PECO2

)

PaCO2

 Where PaCO2 is the arterial PCO2. Sometimes it is more 
convenient in practice to use the equation in this form.

Compliance and Airway Resistance
In all the above tests, restrictive and obstructive lung diseases 
have been evaluated indirectly. Direct measure ment of compli-
ance of the respiratory system and airway resistance is rarely 
done for clinical use. However, if required for research pur-
poses, it can be done by the methods described in Chapter 4.4.

TESTS OF DIFFUSION
Diffusion is the net movement of a fl uid from one compartment 
to another due to concentration difference. In case of gases, 
concentrtion is directly proportional to the partial pressure, 
hence the direction of diffusion is determined by the pressure 
gradient. The rate of diffusion (D) is directly proportional to 
the pressure gradient ( P), and also the area available for dif-
fusion (A) and solubility of the gas concerned (S). Further, D is 
inversely proportional to the diffusion distance (d) and square 
root of the molecular weight (MW) of the gas.
 Mathematically,

D  
 P × A × S

d × √MW
 As seen in this relationship, the characteristics of the gas 
which affect the rate of diffusion are S and MW. The factor S/ 
ÖMW is called the diffusion coeffi cient of a gas. If we con-
sider the diffusion coeffi cient of oxygen to be 1, the relative 
diffusion coeffi cients of other gases give an idea of how much 
slower or faster than oxygen those gases will diffuse, all other 
conditions being the same (Table 4.6.1). The relative diffusion 
coeffi cient of carbon dioxide is 20.3, and that of carbon mon-
oxide is 0.8.
 In the above equation, in lungs the values of A and d are 
essentially constant. Hence, the rate of diffusion of a given gas 
depends only on the pressure gradient. The amount of a gas 
diffusing in unit time per unit pressure gradient is called the 
diffusing capacity of lungs for that gas. Therefore to measure 
the diffusing capacity for a gas, we should know the amount of 
the gas diffusing in a given time, and the pressure gradient. The 
pressure gradient is equal to the difference between the partial 
pressure of the gas in the alveoli and in the pulmonary capillar-
ies. It is very diffi cult to measure the partial pressure of a gas 
in pulmonary capillaries. This problem is usually overcome by 
determining the diffusing capacity of carbon monoxide instead 
of the normal respiratory gases. Carbon monoxide has such a 

4 The fi nal equation has not been used in the example because deriving the equation is simpler and better than remembering it.

Table 4.6.1: Indices of diffusion in the lungs

Gas Relative diffusion Diffusing capacity
 coeffi cient (mL/min/mm Hg)

Oxygen 1.0 21
Carbon dioxide 20.3 426
Carbon monoxide 0.8 17
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high affi nity for haemoglobin that at the very low concentra-
tions of carbon monoxide that are used, almost all the carbon 
monoxide in blood is in combination with haemoglobin, and 
its partial pressure in pulmonary capillary blood can be consid-
ered zero.

Carbon Monoxide Diffusing Capacity
In view of the above discussion, the rate of diffusion of a gas 
(D) may be given by the equation,

D = DL (P1 – P2)
 Where DL is the diffusing capacity of lungs for the gas, P1 
is the partial pressure of the gas in alveoli, and P2 is the partial 
pressure of the gas in pulmonary capillaries. In case of CO, P2 
may be considered zero.
 Therefore D = DL . P1
 Using conventional notation for alveolar gas tension,
   D = DL . PACO

 or DL = 
D

PACO

 There are several alternative methods available for intro-
ducing a small, safe concentration of carbon monoxide into the 
lungs so that D and PACO can be determined. The most pop-
ular method is the single breath method in which the subject 
takes a single breath of a gas mixture containing a very low 
concentration of CO and holds the breath for 10 s to allow for 
diffusion. The amount of CO transported across the respira-
tory membrane in 10 s can be calculated from the difference 
between the inspired and expired air CO concentrations, and 
FRC. The alveolar partial pressure of CO can be determined 
from the PCO2 in an end-expiratory sample.
 The diffusing capacity of lungs increases markedly during 
exercise, and decreases in diseases characteized by thickening 
of the alveolar capillary membrane.

TESTS OF THE END-RESULT OF RESPIRATION
The ultimate purpose of respiration is to supply adequate 
oxygen to the tissues, and to effi ciently get rid of the carbon 
dioxide produced in the tissues. The adequacy of both these 
functions is refl ected in the PO2, PCO2 and pH of arterial blood.

Arterial PO2

Arterial PO2 may be measured with an oxygen electrode. The 
oxygen electrode works on the principle that the current fl ow-
ing through a platinum electrode immersed in a buffer solution 
is proportional to the PO2. The normal arterial PO2 is about 100 
mm Hg. The value may drop by upto 15% in healthy elderly 
subjects due to an increase in ventilation-perfusion inequality. 
A low arterial PO2 is physiological also at high altitude. Among 
pathological causes, low arterial PO2 may be due to three broad 
abnormalities. It may be either due to inadequate intake of air 
(hypoventilation), inadequate transport of oxygen across the 
alveolar capillary membrane (diffusion defect), or arteriov-
enous admixture (shunt). A low ventilation-perfusion ratio also 
reduces arterial PO2 by acting like a shunt (Fig. 4.2.4).

Arterial PCO2
Arterial PCO2 may be measured with a carbon dioxide elec-
trode. The carbon dioxide electrode works on the same princi-
ple as a pH meter. Carbon dioxide alters the pH of the buffer 
surrounding a glass electrode. The electrode is sensitive 
to changes in pH, which are trans lated in terms of PCO2 by 
appropriate calibration. The normal arterial PCO2 is about 40 
mm Hg. Arterial PCO2 is raised in hypoventilation because the 
breathing effort is inadequate for eliminating carbon dioxide. 
But in diffusion defects, carbon dioxide elimination is often 
normal because carbon dioxide can diffuse about 20 times as 
fast as oxygen (Table 4.6.1). Hence normal PCO2 can be main-
tained by adequate elimination even when oxygen diffusion 
is considerably impaired. In case of a shunt, initially arterio-
venous admixture lowers PO2 and raises PCO2. But these fac-
tors induce hyperventilation which brings down PCO2 back to 
normal. But hyper ventilation has relatively little effect on PO2. 
Therefore in arteriovenous shunts also PO2 is low but PCO2 is 
usually normal.

Arterial pH
Arterial pH is measured with a pH meter which employs a 
glass electrode. The pH of blood is given by the Henderson-
Hasselbalch equation as follows:

pH = pK + log 
[HCO3

–]

[H2CO3]
 The concentration of H2CO3 is directly related to the 
carbon dioxide concentration, or PCO2. Hence a rise in PCO2 
tends to lower the pH of blood (respiratory acido sis). However, 
in chronic lung disease with carbon dioxide retention, pH may 
be nearly normal because bicarbonate concentration is also 
raised by renal retention of bicarbonate (compensated respira-
tory acidosis).

TESTS OF RESPONSE TO RESPIRATORY 
STIMULANTS

Sometimes it is useful to measure the respiratory response to 
stimulants such as low PO2 or high PCO2. Since both these 
variables tend to occur together, special effort has to be made 
to study the responsiveness to one of them at a time. The 
response to hypoxia may be studied by recording the ventila-
tory response to rebreathing while PCO2 is kept constant by 
using a carbon dioxide absorber. The response to carbon diox-
ide may be studied by recording the ventilatory response to 
rebreathing from a mixture containing 7% carbon dioxide and 
93% oxygen.
 The ventilatory response may be impaired either because 
of reduced sensitivity of neural mechanisms mediating respi-
ratory refl exes, or because of mechanical factors which make 
breathing diffi cult, such as reduced compliance or increased 
airway resistance. To distinguish between these two broad 
possibilities, the inspiratory work of breathing may be meas-
ured (Fig. 4.4.12). If the work is appropriate to the degree of 
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ventilation, the impaired ventilatory response to hypoxia or 
carbon dioxide is due to reduced neural responsiveness. On 
the other hand, if the work of breathing is abnormally high, 
ventilatory response is poor possibly due to mechanical fac-
tors. In fact, one can lead to the other. Patients with increased 
work of breathing often develop carbon dioxide retention due 
to reduced sensitivity to carbon dioxide. Initially they respond 
by hyperventilation, but since ventilation is very exhausting for 
them, they gradually learn to live with a high PCO2 rather than 
hyperventilate.

TESTS DURING EXERCISE
Like most parts of the body, lungs also have an enormous 
physiological reserve. Therefore it is quite possible for many 
function tests to be quite normal at rest even in lung disease. 
But during exercise the reserve is encroa ched upon, thereby 
unmasking the abnormality. The exercise may be performed 
on a treadmill or a cycle ergometer. The battery of tests per-
formed may include some for ventilatory function, some for 
diffusion, and some for overall respiratory function. The tests 
during exercise may be combined with the exercise stress test 
for coronary insuffi ciency (Chapter 3.8). The combined testing 
is not only more economical and convenient but also gives a 
more comprehensive evaluation of the patient. For example, it 
tells us whether respiratory dysfunction is due to a lung disease 
or inadequate cardiac output response to exercise.

CONCLUSION
Pulmonary function tests have only a very limited role in 
diagnosis or management of respiratory disease but they are 

of enormous academic value. However, if it is necessary to 
restrict the tests to the minimum, the most valuable tests are 
timed vital capacity, and arterial oxygen and carbon dioxide 
tension.

QUESTION AND PROBLEM
1. Fill in the blanks in the following Table which lists the 

distinguishing features of low arterial PO2 due to different 
causes:

  Cause of low arterial PO2

 Hypoventilation Diffusion defect Shunt

Response to 100%

oxygen breathing

Arterial

PCO2

ANSWER AND SOLUTION
1. Use this answer only to confi rm your own answer. In case of 

a discrepancy, reason out where you went wrong.

  Cause of low arterial PO2

Hypoventilation Diffusion defect Shunt

Response to 100%  Good Good Poor

oxygen breathing

Arterial High Usually Usually

PCO2  Normal Normal
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4.7
Applied Respiratory 

Physiology

Respiratory system is one of the better examples of the inti-
mate relationship between physiology and medicine. We have 
already seen in the previous chapter how physiology forms the 
basis of many clinically relevant pulmonary function tests. In 
this chapter we shall observe that many common phenomena 
associated with disease can be understood in the light of respi-
ratory physiology. In fact, respiratory diseases cannot be man-
aged satis factorily without a proper understanding of respira-
tory physiology. The subject has been treated very briefl y here. 
For a more comprehensive treatment, a textbook of medicine 
should be consulted.

HYPOXIA
Hypoxia is a state in which tissues suffer from the effects of 
oxygen defi ciency. Depending on the cause, it is generally 
divided into four categories : hypoxic, anaemic, stagnant and 
histotoxic (Fig. 4.7.1).

Hypoxic Hypoxia
If hypoxia is due to a decrease in oxygen supply, it is called 
hypoxic hypoxia. It may be due to a decrease in oxygen con-
centration in the inspired air, as at high altitude, or due to a dis-
ease of the lungs. In either case, there is a fall in PO2 of arterial 
blood. The disorders which can lower arterial PO2 are hypov-
entilation, diffusion defects, low ventilation-perfusion ratio, or 
arteriovenous shunts.

Anaemic Hypoxia
If hypoxia is due to a decrease in the oxygen carrying capacity 
of blood, it is called anaemic hypoxia. Since almost the entire 
oxygen transported by blood is in combination with haemo-
globin, the oxygen carrying capacity of blood is reduced in 
anaemia; hence the term anaemic hypoxia. But a similar situa-
tion also arises in carbon monoxide poisoning because carbon 
monoxide has a much greater affi nity for haemoglobin than 
oxygen. In carbon monoxide poisoning, carbon monoxide uses 
up the haemoglobin by combining with it, thereby leaving very 
little haemoglobin for combining with oxygen. Therefore the 
situation is similar to anaemia where the haemoglobin level 
of blood is low. That is why the hypoxia produced by carbon 
monoxide poisoning is also called anaemic hypoxia. Would 

Poisonous Warmth

Gabriel had always known that when the fi re was lighted 
and the door closed one of these (ventilating holes) must be 
kept open – that chosen being always on the side away from 
the wind. Closing the slide to windward he turned to open 
the other; on second thoughts the farmer considered that 
he would fi rst sit down, leaving both closed for a minute or 
two, till the temperature of the hut was a little raised. He 
sat down.
 His head began to ache in an unwonted manner and, fan-
cying himself weary by reason of the broken rests of the 
preceding nights, Oak decided to get up, open the slide, and 
then allow himself to fall asleep. He fell asleep, however, 
without having performed the necessary preliminary.
 How long he remained unconscious Gabriel never knew. 
During the fi rst stages of his return to perception peculiar 
deeds seemed to be in course of enactment. His dog was 
howling, his head was aching fearfully, – somebody was pull-
ing him about, hands were loosening his neckerchief.

– Thomas Hardy, In Far From the Madding Crowd

peripheral chemo recep tors be stimulated in anaemic hypoxia? 
To confi rm your answer, turn to the questions at the end of 
Chapter 4.5.

Stagnant Hypoxia
If the blood fl ow through a tissue is sluggish, blood would stay 
in the capillaries for a longer time than normal. Therefore, the 
blood will have to meet the oxygen requirements of the tissue 
for a longer time. The stay of blood in the capillaries may be so 
long that even after extracting a very large fraction of oxygen 
carried by the blood, all the requirements of the tissue cannot 
be met. The result will be hypoxia of the type called stagnant 
because it is due to stagnation of blood. Stagnant hypoxia 
occurs due to a reduction in cardiac output and blood fl ow, as 
in cardiac failure, haemorrhage and circulatory shock.

Histotoxic Hypoxia
If the tissues are unable to use the oxygen brought to them by 
blood, even that results in hypoxia. Examples of histotoxic 
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CYANOSIS

Cyanosis is bluish discolouration of skin or mucosa due to the 
presence of more than 5 g deoxygenated haemoglobin per 100 
ml of blood in small blood vessels of the skin or mucous mem-
branes. This is because deoxygenated haemoglobin is bluish in 
colour while oxygenated haemo globin is reddish. The common 
sites where cyanosis is observed are lips, nailbeds, ear lobes, 
cheeks, and mucous membranes of the oral cavity.
 Excess of deoxygenated haemoglobin in small vessels may 
be there because all arterial blood in the body is poorly oxy-
genated. This is called central cyanosis. Central cyanosis may 
be because of any of the causes of hypoxic hypoxia. Central 
cyanosis is so called because the underlying cause is at a level 
proximal to or close to that from where oxygenated blood is 
circulated to the whole body. Due to poor oxygenation, excess 
of deoxyge nated haemoglobin is present in the arterial, capil-
lary and venous blood all over the body. But it becomes appar-
ent as cyanosis only in skin and mucous mem branes because of 
blood vessels being superfi cially situated.
 In contrast, peripheral cyanosis is due to stasis of blood 
in skin capillaries. This may be due to cutaneous vasoconstric-
tion due to exposrue to cold, or in circulatory shock. Due to 
poor blood fl ow, more oxygen is extracted to meet the meta-
bolic needs of skin from whatever blood is fl owing through 
the capillaries. The result is an increase in the concentration of 
deoxygenated haemoglobin. In cold exposure, cyanosis is most 
marked at the extremes of the body, such as the nails and the 
tip of the nose, because these areas are more exposed and have 
a poorer blood fl ow.
 It is an interesting exercise to try and understand in which 
types of hypoxia cyanosis may be present, and why. Before 
you turn to Table 4.7.1, where this infor mation is given, try to 
reason it out on your own. Place a piece of paper to cover the 
information in the Table. Uncover the information bit by bit to 
confi rm your own impression. In case of a discrepancy, do not 
get satisfi ed till you have worked out where you went wrong.

DYSPNOEA
Dyspnoea (dys, diffi cult, pnoia, breathing) means diffi culty in 
breathing. It usually also implies that for a patient with dysp-
noea, breathing is an unpleasant task. Surprisingly, dyspnoea 
at rest appears while a consi derable fraction of the breathing 
reserve is still intact. In a healthy person, the following fi gures 
may be obtained during pulmonary function tests.
 Minute volume at rest = 6 L/min
 Maximum voluntary ventilation = 120 L/min
 Breathing reserve (BR) = 114 L/min

 Per cent BR (or dyspnoeic index) = 
114
120  × 100 = 95%

 If the per cent BR falls below 60% the patient generally 
feels dyspnoeic. That is why the ratio is also called the dysp-
noeic index.
 Dyspnoea is not always a sign of disease. It occurs in 
healthy persons when pulmonary ventilation exceeds four 

Fig. 4.7.1: Different types fo hypoxia. Normal oxygen supply to tissues 
depends on normal oxygenation of blood and normal blood fl ow. In 
hypoxic hypoxia, oxygenation of blood is impaired due to a reduction 
in oxygen tension. In anaemic hypoxia, oxygenation of blood is 
impaired due to a reduction in oxygen carrying capacity of blood. In 
stagnant hypoxia, blood fl ow is impaired. In histotoxic hypoxia, tissues 
are unable to utilise oxygen normally. The circles represent red blood 
cells (RBCs). Filled circles represent RBC carrying haemoglobin fully 
saturated with oxygen. Half fi lled circles represent RBC carrying 
haemoglobin partially saturated with oxygen. Empty circles represent 
RBC carrying deoxygenated haemoglobin.

hypoxia include cyanide poisoning in which cytochrome 
oxidase cannot pass on electrons to oxygen, and diphthe-
ria in which the toxin inhibits the synthesis of one of the 
cytochromes.
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times the resting minute volume. This level of ventilation is 
called dyspnoea point.
 The mechanism of dyspnoea is not well-understood. It 
may be due to increased work of breathing, or due to altered 
discharge from airway receptors, lung receptors or respiratory 
muscle proprioceptors.
 In left ventricular failure the lungs are congested, and there-
fore the patient may feel dyspnoeic. But this dyspnoea is worse 
on, or only seen on, lying down. The patient feels much better 
on sitting or standing up. This type of postural dyspnoea is 
called orthopnoea (orthos, straight; pnoia, breath). Orthopnea 
occurs because the lungs are much more congested in the lying 
down (recumbent) posture. In the erect posture, gravity clears 
the congestion except at the bases of the lungs. Another factor 
which contributes to orthopnoea is possibly the elevation of the 
diaphragm in the lying down posture.
 Orthopnea of a very dramatic variety is seen in bilateral 
paralysis of the diaphragm. When the diaphrag m is paralysed, 
it cannot contract but it can move. When a patient with a para-
lysed diaphragm is lying down, action of the thoracic inspira-
tory muscles increases the negative intrathoracic pressure. 
Since the abdominal pressure is positive, the abdominal con-
tents are pulled by the negative thoracic pressure. Therefore 

the diaphragm moves upwards (i.e. towards the thorax) during 
inspira tion. Hence, the effect of increase in anteroposterior and 
transverse diameter of the chest (brought about by the thoracic 
inspiratory muscles) is neutralized by the upward movement 
of the diaphragm. Thus the action of the thoracic inspiratory 
muscles fails to move air in. In fact, the harder the thoracic 
inspiratory muscles work, the more the diaphragm moves 
upwards. In short, during inspiration, a patient with paralysis 
of the diaphragm sucks in the belly instead of air. However, 
when the patient is standing, gravity prevents the abdominal 
contents from being sucked towards the thorax during inspira-
tion. Therefore the action of the thoracic inspi ratory muscles 
moves air into the lungs, and the dyspnea is relieved.1

BREATH HOLDING
During voluntary breath holding, tissues continue to use oxygen 
and produce carbon dioxide. Therefore during breath hold-
ing arterial PO2 falls and PCO2 rises. Since both these factors 
are powerful respiratory stimulants a point is reached where 
the respiratory drive becomes so strong that the person cannot 
hold the breath any longer. This point is called the breaking 
point. The breaking point is generally reached when alveolar 
PO2 is 56 mm Hg and alveolar PCO2 is 49 mm Hg. Any factor 
which raises PO2, such as prior oxygen breathing, or lowers 
PCO2, such as prior hyperventilation, prolongs the duration for 
which the breath can be held. Therefore, breath holding time is 
longest (about 5 min) after hyperventilating with pure oxygen. 
However, factors other than PO2 and PCO2 may be involved 
in determining the breaking point, and the unpleasant sensa-
tion associated with it. If at the breaking point, the person is 
allowed to breathe with the airways blocked, or provided for 
breathing a gas mixture with a low oxygen concentration and 
high carbon dioxide concentration so that breathing would not 
raise arterial PO2 or lower PCO2, the person feels relieved and 
can still hold the breath for a few seconds more. This suggests 
that proprioceptive impulses from respiratory muscles and 
joints are involved in the breaking point. Alter natively, relief 
from the unpleasant sensation associated with breaking point 
can also be achieved if the vagus and glossopharyngeal nerves 
are blocked, or if the respiratory muscles are paralysed with 
curare. All these observations are consistent with the expla-
nation that at breaking point, the respiratory muscles contract 
strongly without being able to produce chest movements. This 
combination produces strong proprioceptive afferent impulses 
which seem to be responsible for the discomfort at breaking 
point. Vagal and glossopharyngeal block prevents the discom-
fort by blocking afferent impulses from peripheral chemore-
ceptors, thereby attenuating the refl ex contraction of respiratory 
muscles. Curare aboli shes the discomfort by making it impos-
sible for the respi ratory muscles to respond to the refl ex drive 
by con trac tion. Thus it seems alveolar PO2 and PCO2 infl uence 
the breath holding time while proprioceptive impulses from 
respiratory muscles produce the strong urge to breathe. The 
metabolic needs and the propriocep tive urge together lead to 
the breaking point.

Table 4.7.1: Cyanosis in different types of hypoxia

Type of Whether cyanosis  Reason
hypoxia seen 

Hypoxic Yes, if severe enough Low arterial PO2 may lead to 
suffi cient excess of Hb to give 
cyanosis. However, the hypo xia 
has to be quite severe because 
at PO2 of 60 mm Hg and above, 
haemoglobin satu ration is above 
90%.

Anaemic No If anaemia is severe enough to 
produce hypoxia, it also means 
that there will not be enough 
deoxygenated Hb to produce 
cyanosis. If out of the low level 
of haemoglobin that anaemics 
have, more than 5 g/100 mL is 
in the deoxy genated form, they 
would be dead. In CO poison-
ing COHb is cherry red, and 
further HbO2 dissociates less 
readily.

Stagnant Yes Stasis leads to excess extrac tion 
of oxygen from arterial blood 
to meet metabolic needs (see 
peripheral cyano sis)

Histotoxic No The tissues cannot utilise 
oxygen. Therefore capillaries 
have more HbO2, and less Hb 
than normal

Hb, deoxygenated haemoglobin;
HbO2, oxygenated haemoglobin;
CO, carbon monoxide; COHb, carboxyhaemoglobin.

1 Observe that your abdomen moves outward during inspiration.
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HYPERVENTILATION

Voluntary hyperventilation washes off carbon dioxide very 
effectively and improves oxygen supply to the lungs margin-
ally. As a result, arterial PCO2 falls markedly and PO2 rises 
slightly. The fall in PCO2 depresses respiration. Hence the 
urge to breathe is diminished after hyper ventilation. However, 
actual apnoea is seen mostly in students of physiology because 
they expect it, thus demonstrating the role of psychological 
factors in regulation of breathing.
 Hyperventilation is also seen initially on exposure to a 
hypoxic atmosphere as at high altitude. But this has been dealt 
with in greater detail later (Chapter 5.5).

Cheyne-Stokes Breathing
Sometimes situations in which the response to the major stimu-
lants of respiration, i.e. high PCO2 and low PO2, have a longer 
latency than normal. The result is a characteristic pattern of 
breathing known as Cheyne-Stokes breathing. The pattern is 
characterized by alternating apnoea and hyperventilation. The 
genesis of the pattern is possibly as follows. Apnoea is due to 
poor responsiveness to respiratory regulators. When PCO2 has 
become suffi  ciently high and PO2 suffi ciently low to stimu-
late even the sluggish centres, breathing begins, and gradually 
picks up to become hyperventilation. Hyper ventilation washes 
off carbon dioxide, but the chemo receptors are equally slug-
gish in depressing respiration in response to the low PCO2. 
Finally, when respiration does get depressed, PCO2 is so low 
that apnoea is the appropriate response. Thus the cycle goes 
on. In short, Cheyne-Stokes breathing is due to sluggishness 
of chemi cal regulation of respiration. As a result, the response 
is slow to appear. But once it appears, it overshoots the mark. 
The result is alternate apnoea and hyperventilation rather than 
the normal steady pace of breathing some where between these 
two extremes.
 Cheyne-Stokes breathing may be seen physiologically in 
sleep, particularly in infants and at high altitude. Pathologically, 
it occurs in severe left ventricular failure (leading to pulmonary 
oedema) or brain damage.

RESPIRATORY FAILURE
The function of respiration is primarily to supply oxygen to the 
body and to get rid of carbon dioxide. Hence physiologically 
respiration is considered to have failed if the lungs fail to main-
tain arterial PO2 and PCO2 at normal levels. Generally the term 
respiratory failure is used if arterial PO2 is less than 60 mm Hg 
or arterial PCO2 is more than 50 mm Hg.
 The hypoxia of respiratory failure is of hypoxic variety. 
Its symptoms are cyanosis, tachycardia (due to chemo receptor 
refl exes), and mental confusion or impaired consciousness (due 
to cerebral hypoxia).
 High PCO2 or carbon dioxide retention is also called 
hyper capnia. Apart from the lung disease itself, hyper capnia 
may be made worse by the doctor by adminis tering oxygen 
to the patient. Since the patient has a long-standing carbon 

dioxide retention, the pH of blood is restored to normal by 
renal bicarbonate retention. Therefore carbon dioxide is not 
much of a respiratory stimulant in these patients. Their respi-
ration is main tained primarily by the hypoxic drive. Giving 
them oxy gen abolishes that drive leading to hypoventilation. 
Hypo ventilation leads to further carbon dioxide reten tion. The 
way out of this dilemma is to strike a compro mise: give neither 
100% air nor 100% oxygen to breathe; give a mixture of air 
and oxygen. Often leaky masks achieve this end automatically; 
they waste oxygen but save the patient!
 The symptoms of hypercapnia are also predominantly cer-
ebral. High PCO2 increases cerebral blood fl ow. Hence the 
intracranial tension is raised and the patient gets a headache 
(Chapter 12.2). The patient may have slurred speech and a spe-
cial variety of tremors known as fl apping tremors.
 The acute effects of hypoxia and hypercapnia (together 
called asphyxia) may be studied experimentally by making the 
subject rebreathe air from a spirometer which does not contain 
soda lime.2 The neural effects may be recorded by monitoring 
the handwriting and fl icker fusion frequency. The handwrit-
ing gets slurred and progressively illegible. The frequency at 
which fl ickering visual stimuli merge into a single stimulus is 
reduced. As soon as these effects appear, the experiment should 
be discontinued to avoid risk to the subject. Further, the subject 
is told in advance that should he be even slightly uncomfort-
able, he is at liberty to disconnect himself from the spirom-
eter, or indicate that he be disconnected, at any stage of the 
experiment.

Oxygen Therapy
Oxygen therapy may be required for respiratory failure due to 
lung disease or poisoning, e.g. with hypnotics or tranquilizers. 
This is a good occasion to recapitulate the effect of oxygen on 
different types of hypoxia (Table 4.7.2).
 Oxygen may be administered in many ways. The simplest 
way is to connect a cannula to an oxygen cylinder and insert 
it into one or both nostrils. This raises the concentration of 
oxygen in the inspired air but generally not to 100%, which 
may be a boon if the hypoxic drive is important to maintain 
the ventilation of the patient. The other method for giving 
oxygen is to use a mask. The mask is uncomfortable, and may 
deliver 100% oxygen. But there are special leaky masks built 
on the Venturi principle which can deliver a predictable con-
centration of oxygen. Oxygen enters the masks through a jet 
at a high velocity. As a result, air is drawn through the holes in 
the mask. Thus the patient gets a mixture of oxygen and air to 
breathe. Yet another method to administer oxygen is an oxygen 
tent. This is specially useful for children, who may not toler-
ate a mask or a cannula. It is also useful if hyperbaric oxygen 
is to be given. But fi re is a serious hazard associated with the 
oxygen tent. Another method for giving oxygen is through a 
mechanical ventilator. Patients who remain unconscious for 
fairly long periods of time are given an endotracheal or trache-
ostomy tube, which is connected to a ventilator. Any known 
concentration of oxygen can be easily administered through the 
ventilator.

2 Soda lime absorbs carbon dioxide. Hence soda lime should be removed to allow a rise in carbon dioxide concentration.
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Hyperbaric Oxygen
Hyperbaric oxygen is specially valuable in carbon monoxide 
poisoning. Since most of the hemoglobin is not available for 
carrying oxygen, dissolved oxygen assumes special impor-
tance for supplying oxygen to tissues. The solubility of oxygen 
in blood is 0.03 mL/100 mL/mm Hg. Therefore if an arterial 
PO2 of 2000 mm Hg can be achieved by administering 100% 
oxygen at a pressure of 3 atmospheres, the blood will have 6 
mL/100 mL dissolved oxygen, which is adequate to meet the 
metabolic requirements at rest.
 As mentioned earlier, hyperbaric oxygen therapy needs a 
tent. To reduce the fi re hazard, the tent may be fi lled with air, 
and oxygen administered through a mask.

Oxygen Toxicity
Excess of everything is bad, even if the excess is that of 
the life-giving oxygen. Excess of oxygen here means high 
PO2 at cellular level. The high PO2 can damage many 
intracellular enzymes, and can lead to many highly reactive 
ionic species.
 The enzymes damaged include those with sulfhy-
dryl groups (-SH) because oxygen can react with two 
-SH groups to form a disulfide (-S-S-) bond. Glutathione 
(GSH) protects the cells against such damage because 
GSH is more readily available to oxygen than the vital
-SH containing enzymes. Thus GSH mops up the excess of 
oxygen. GSH can also react with damaged enzymes to repair 
them, e.g.

E-S-S-E + 2GSH  2E-SH + G-S-S-G
 But GSH can be overwhelmed by a very long exposure to a 
very high PO2 leading to cellular damage.
 The other important molecules which oxygen can damage 
are those of polyunsaturated fatty acids (PUFA). Oxygen can 

react with the unsaturated bonds, thereby altering the structure 
of these compounds. PUFA form a part of the membranes of 
cells and intracellular organelles. Therefore, reactions with 
PUFA can damage cellular membranes leading to extensive 
damage.
 Oxygen toxicity is also due to its forming hydrogen perox-
ide (H2O2), and free radicals such as superoxide radical (O2

–) 
and hydroxyl radical (OH–). The body has defence mechanisms 
to deal with these toxic agents, i.e. catalase and peroxidase to 
decompose H2O2, and superoxide dismutase, carotene, toco-
pherol, ascorbate and gluta thione to deal with free radicals. But 
these mechanisms can be overwhelmed by excess of oxygen 
leading to cellular death or injury.
 Clinically, the tissues most susceptible to oxygen toxic-
ity seem to be the central nervous system (probably because 
nerve cells are the most sensitive in the body) and lungs (prob-
ably because they are the fi rst to be exposed). The most promi-
nent neurological symptom of oxygen toxicity is convulsions. 
Prolonged exposure to high concentrations of oxygen produces 
pulmonary fi brosis leading to a diffusion defect and consequent 
hypoxia. The hypoxia can be corrected by a still higher concen-
tration of oxygen which may produce more fi brosis, thus lead-
ing to a vicious cycle. In premature infants, prolonged stay in 
an oxygen tent has been associated with the development of 
cataract due to retrolental fi broplasia.

ARTIFICIAL RESPIRATION
Respiratory arrest may occur as a result of drowning, poison-
ing, suffocation, electrocution, myocardial infarc tion or cer-
ebrovascular accident. The cause may be reversible, tempo-
rary or curable but the body cannot wait much for the oxygen 
supply to be restored. Unless vital organs like the brain and 
heart are supplied with oxygen within 2-3 minutes, respira-
tory arrest leads to death. Therefore, it is important to restore 
respiration, artifi cially if necessary, as a life-saving measure. 
Since respiratory arrest could occur in an emergency situation, 
no equipment may be available. In such cases, manual meth-
ods of artifi cial respiration prove valuable. In the meantime, 
the patient may be transported to a hospital where a mechani-
cal method of artifi cial respiration may be used, if required. A 
mechanical ventilator is essential if artifi cial respiration has to 
be maintained for a prolonged period of time.

Manual Methods
Before starting with the artifi cial respiration, the patency of air-
ways should be checked, and restored if necessary. Airways 
may be blocked by water or secretions, or by the tongue. 
During unconsciousness, the tongue is relaxed, and may fall 
backwards to block the airway. As soon as one is faced with a 
situation requiring artifi cial respiration, the clothing around the 
neck and chest of the victim should be loosened, secretions or 
water should be wiped from the mouth and throat, and the neck 
should be extended to get the tongue out of the way.
 The simplest manual method is the mouth-to-mouth 
method. In this method, while maintaining the head tilt to keep 
the tongue out of the way, air is blown into the victim’s chest 
through an airtight mouth-to-mouth contact. If the effort meets 

Table 4.7.2: The Place of oxygen therapy in differ-
ent types of hypoxia

Type of Whether oxygen Reason
hypoxia useful

Hypoxic Yes, except in shunts If due to low PO2 in inspired 
air, the underlying cause is cor-
rected. If due to hypo ven tilation 
or a diffusion defect, oxygen 
compensates for the defect. In 
shunts, admixture is after oxy-
ge nation in the lungs. Hence 
oxygen therapy does not help.

Anaemic Yes Raises the quantity of dissol-
ved oxygen in blood, which 
impro ves tissue oxygen supply. 
For carbon monoxide poison-
ing, hyperbaric oxygen may be 
neces sary.

Stagnant Not much Oxygen cannot correct or 
com pen sate for the under lying 
cause adequately.

Histotoxic No Oxygen cannot correct the 
under lying cause
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an undue resistance, the airways are again checked for any 
obstruction. While blowing air into the lungs, the nostrils of 
the victim are pinched with the fi ngers to prevent air escap-
ing through the nose. After a reasonable amount of air has 
been blown in, the rescuer removes his mouth from that of the 
victim and watches the chest defl ate itself. The procedure is 
repeated 12 to 20 times per minute.
 Many other manual methods of artifi cial respiration have 
been devised but they all require more training, and are proba-
bly less effective, than the mouth-to-mouth method. The search 
for other methods is motivated primarily by aesthetic and hygi-
enic reasons.

Mechanical Methods
Mechanical methods are a must if artifi cial respiration has 
to be continued for prolonged periods of time. Most ventila-
tors require an endotracheal or tracheostomy tube. The tube is 
not only useful for connecting the patient to the ventilator but 
also for removal of secretions from the airways. There are two 
broad categories of mechanical ventilators: positive pressure 
and negative pressure type. In positive pressure ventilators, 
inspiration is achieved by forcing air into the lungs at positive 
pressure. In negative pressure ventilators, chest expands as a 
result of negative pressure applied around it. Expiration is a 
passive process in both types of ventilators, and is achieved by 
the elastic recoil of lungs and thorax.
 In positive pressure ventilators, air may be pumped into the 
lungs at constant volume or at constant pressure. The constant 
pressure type of ventilators can sometimes be operated in the 
‘assisted ventilation’ mode. The patient triggers the inspiration 
himself, but adequate pressure is generated only with the help 
of the ventilator. Assisted ventilation becomes useful when a 
patient’s respiration has started recovering.
 In negative pressure ventilators, the whole body (except the 
head), or only the chest and abdomen, are enclosed in a rigid 
airtight chamber (iron lung). Negative pressure is generated 
intermittently in the chamber mechanically. Negative pressure 
ventilators are not much used these days because of being very 
bulky and inconvenient.
 If appropriate nursing care is available, a patient may be 
maintained on a mechanical ventilator for months.

QUESTIONS AND PROBLEMS
1. Why is it dangerous to dive after hyperventilation?
2. Why is respiration depressed after hyperventilation?
3. Why may hyperventilation lead to tetany?
4. What is the effect of hyperventilation on blood pressure?

ANSWERS AND SOLUTIONS
1. Breath holding after hyperventilation can be dangerous, 

specially if employed during swimming. A person may 
hyperventilate excessively to prolong the breath holding 
time under water. Hyperventilation washes off carbon diox-
ide. Therefore, during breath holding arterial PCO2 may not 
build up to levels which can stimulate respiration while in 
the meantime arterial PO2 falls to dangerously low levels. 

Further, low PO2 alone may fail to stimulate respiration. 
The result may be tissue hypoxia which particularly affects 
the brain. This is so because PCO2 is the major regulator of 
cerebral blood fl ow. Fall in arterial PCO2 induces cerebral 
vasoconstriction. Cerebral hypoxia may result in uncon-
sciousness which is very dangerous when a person is under 
water.

2. Hyperventilation raises alveolar and arterial PO2, and low-
ers PCO2. But it is only the fall in PCO2 that is responsible 
for the depression in respiration that follows hyperventila-
tion. This is shown by the fact that although breathing pure 
oxygen raises the alveolar PO2 even more markedly than 
hyperventilation, it does not depress respiration. On the 
other hand, if hyperventilation is performed while breath-
ing 5% carbon dioxide so that alveolar PCO2 does not fall, 
respiration is not depressed after the hyperventilation. Both 
these experimental observations indicate that depression 
of respiration following hyperventilation is due only to the 
washing out of carbon dioxide leading to a fall in alveolar 
PO2.

3. Tetany is neuromuscular irritability (enhanced sensitiv-
ity due to fall in extracellular calcium ion concentration. 
Following hyperventilation, extracellular calcium may 
fall due to the following chain of events. Hyperventilation 
washes out carbon dioxide. Fall in blood PCO2 leads to 
a rise in pH. In keeping with the Henderson-Hasselbalch 
equation [pH = pK + log (salt/acid)] the fraction of plasma 
proteins in the ‘salt’ form (i.e. anions) increases with the 
rise in pH. Increase in protein anions mops up some cati-
ons, including calcium ions, from the plasma. Hence the 
plasma calcium ion level falls, although the total calcium 
level remains unchanged. Fall in plasma calcium ion level 
leads to a fall in extracellular fl uid calcium ion concentra-
tion. Hence hyperventilation may lead to tetany, which is 
manifested by sustained contraction of skeletal muscles, 
specially those of the face and hands.

4. Here it is important to distinguish between voluntary hyper-
ventilation in a conscious person, and positive pressure 
mechanical hyperventilation in an anaesthetized human 
being or animal.

 Voluntary hyperventilation can infl uence blood pressure 
through the following mechanisms.

 a. Washing out of carbon dioxide leading to low arterial 
PCO2, which tends to produce vasodilation through the 
peripheral chemoreceptor mechanism.

 b. Low blood PCO2 tends to produce vasoconstriction 
through the direct effect of PCO2 on vascular smooth 
muscle. This may neutralize the effect of (a).

 c. Increased work of breathing increases production of 
carbon dioxide by respiratory muscles which tends to 
raise blood PCO2. This may partly neutralize the effects 
of (a) and (b).

 d. Hyperventilation increases the cardiac output, which in 
turn tends to raise the blood pressure.

 The net effect of (a), (b) and (c) is possibly no substantial 
change in blood pressure. Hence the rise in blood pres-
sure seen after voluntary hyperventilation is largely due to 
mechanism (d).
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 On the other hand, in positive pressure hyperventilation 
under anaesthesia, mechanism (c) does not operate at all, 
and mechanism (d) operates in the opposite direction. That 
is because positive intrathoracic pressure reduces venous 

return sharply, and hence the cardiac output falls. Therefore 
the effect of positive pressure hyperventilation is a sudden 
and sharp fall in arterial blood pressure.
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5.1
Getting Introduced to 

Environmental Physiology

No organism is an island unto itself. It interacts with its envi-
ronment, which has physical features such as temperature and 
altitude; chemical characteristics, such as presence or absence 
of pollutants in air, soil and water; and biological aspects, 
which include all the other organisms around—belonging to 
the same species and to other species, plants and animals, small 
and big. Although all aspects of environment infl uence physio-
logical functions, in this section we shall concentrate on physi-
cal environment. In the present technological age, environment 
has not only natural features but also artifi cial man-made fea-
tures. Man can alter the tempe rature of his micro-environment, 
and usually does so to make it more comfortable, and he has 
also introduced considerable noise, ionizing radiations and 
chemical pollutants into the environment. Although man’s 
infl uence on his own environment is considerable, and now a 
cause of fully justifi ed global concern, in this section we shall 
concentrate on natural aspects of the physical environment.
 In our study of environmental physiology, we shall see how 
the human body responds to exposure to extremes of environ-
ment. The exposure may be acute or long-term. Physiological 
responses to acute exposure tend to restore homeostasis. 
Responses to long-term exposure, in addition, also try to facili-
tate survival in a diffi cult environment. These responses are not 
only physiological (e.g. increase in blood haemoglobin level at 
high altitude) but also behavioural (e.g. seeking shade in hot 
weather). Knowledge about responses to extremes of environ-
ment has been gathered from acute as well as long-term stud-
ies. Either of these may be performed in fi eld conditions, or 
in an environmental chamber wherein a microenviron ment 
with desired and precisely measurable features can be cre-
ated. Field studies are more diffi cult to perform and cannot be 
as rigorously controlled as laboratory studies. But fi eld stud-
ies are indispensable for obser vations in naturally occurring 
extreme environments. Laboratory studies in an environmental 
chamber, on the other hand, can be more meticulous and com-
prehensive than fi eld studies. A combination of both types of 
studies has given us our present knowledge of environmental 
physiology, and more studies of both types are still required to 
probe what we do not know.
 It is interesting to consider at this point what really con-
stitutes an extreme environment. An extreme environ ment is 
extreme in relation to a reference environment. This is clearly 
a relative situation. For example, if A is an extreme in relation 

to B, one might as well use A as a reference, and say that B is 
an extreme. It was pointed out by the Swiss physiologist von 
Muralt that a high altitude native may consider the hypoxic 
existence of the foetus to be ‘normal’ and wonder at the adapta-
tion of children born at sea level to the extremely high atmos-
pheric oxygen tension. However, the usual designation of an 
environment depends on a mix of physiological considera-
tions and convention, and usually agrees with a common sense 
interpretation.
 Physiologically, the reference environment is one in which 
a person is comfortable with the minimum of physiological 
or behavioural effort. For example, a low-lander shows adap-
tive responses when taken to a high altitude, and may still feel 
uncomfortable. But a high-lander does not feel respiratory dis-
comfort when brought to sea level. Hence sea level is the ref-
erence environment, and high altitude is an extreme environ-
ment. Similarly, in relation to temperature, the ‘normal’ or ref-
erence environmental temperature is one at which the body can 
achieve thermoregulation without invoking sweating or shiver-
ing. A biological criterion for judging an environ ment may be 
the population density. A normal or ‘reference’ environment for 
a species is one in which its population density is the highest. 
In the course of evolution, every species has carved a niche for 
itself in an environment in which it has evolved, the environ-
ment to which it is best adapted. Adaptation to environment is 
indeed the basis of evolution.

TERMINOLOGY
There is considerable confusion about a few terms commonly 
used in environmental physiology. Therefore it is necessary to 
clarify what they mean, or at least the sense in which they will 
be used in this book.
 Acclimatization refers to all the changes in physio logical 
function which aid adjustment to a specifi c environment. The 
environment here refers to a complex of seasonal, climatic 
and other features of a complex. The favourable changes in an 
acclimatized individual might have been acquired during the 
life-time of an individual or might be inherited characteristics 
which have developed over generations as a result of living in a 
speci fi c environment. Thus acclimatization consists of changes 
which facilitate survival, improve performance and reduce dis-
comfort in a given environment.
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 Acclimation refers to the responses of an organism to 
alterations in only one environmental variable. This usually 
happens in experimental conditions where only the ambient 
temperature or atmospheric pressure may be altered. In nat-
ural environments, a number of stressful factors often occur 
together.
 Adaptation is a general term which refers to any character-
istic of an organism which favours survival in a specifi c envi-
ronment. Adaptation includes both acclimatization and accli-
mation. Hence, adaptation may be used loosely while describ-
ing any favourable response to one or more environmental 
variables.

CONCLUSION
As a species, man is not the best equipped for adapting to 
extremes of environment. But using his superior mental 
abilities, man has invaded land, water, sky and even outer 
space. With the help of technological advances, man has also 

manipulated environment to such an extent that his lifestyle 
has undergone revolutionary changes. The overall impact of 
these changes is unprecedented comfort even in extreme envi-
ronments. In the language of environmental physiology, this 
mode of achieving tolerance to a harsh environment is called 
behavioural adaptation. The extreme degree of behavioural 
adap tation is unique to man, and he has also practised it only 
for a couple of centuries, which is a rather short time in terms 
of evolution. These facts raise some interesting questions. 
Since our heart, lungs and liver are still very similar to those of 
other animals, what could be the impact of having an ancient 
body in the modern world? Would excess of comfort blunt our 
capacity for physiological adaptation in the course of evolu-
tion? These are questions to which there can be no absolute or 
fi nal answers. On the other hand, the present comfortable life-
style is enjoyed by only a small section of humanity. It cannot 
possibly be sustained on a large scale by the resources of our 
planet. Hence, it is equally possible that this lifestyle may be 
extinct before it can make an impact on the course of evolution.
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5.2
Regulation of 

Body Temperature

Regulation of body temperature is an astonishing feat per-
formed by homeothermic animals, and among such animals 
the performance of man in this respect is one of the best. The 
environment temperature may be –20°C or +50°C, but the 
mouth temperature is about 37°C in both cases. Living tissues 
can function optimally only within a very narrow range of tem-
perature. Therefore accurate regulation of body temperature is 
a great boon: it enables the animal to be physically active all 
round the year, and in different geographical locations.
 Since the purpose of temperature regulation is to provide 
tissues a microenvironment at the optimal temperature, what 
is regulated is only the temperature of the internal environ-
ment, i.e. the temperature of the blood. The temperature of the 
organs deep inside the body is quite close to the temperature 
of the blood, and is called the core temperature. The tempera-
ture of the superfi cial parts of the body, which is essentially 
the skin tempe rature, is called the shell temperature. The shell 
tempe rature is not regulated but fl uctuates considerably in the 
same direction as the environmental (ambient) temperature. 
Regulation of the shell temperature would not only be unneces-
sary, but would also make regulation of the core temperature 
more diffi cult. For example, if the ambient temperature is 5°C 
and the shell temperature 37°C, heat would fl ow from the shell 
to the surroundings. Loss of heat from the shell would lead to 
fl ow of heat from the core to the shell, leading to a fall of core 
tempe rature. The body would then have to generate more heat 
to maintain the core temperature at 37°C. On the other hand, if 
the shell temperature is also 5°C, loss of heat to the surround-
ings is minimized. Thus a cold shell helps the heat conserva-
tion mechanisms of the body in a cold environment. Now you 
can understand why on a winter morning the oral temperature 
is 37°C but the hand is cold.

MEASUREMENT OF CORE TEMPERATURE
It is not feasible to measure the temperature of blood in every-
day practice. It is equally diffi cult to measure the temperature 
in a hollow organ deep inside the body, such as the intestines. 
Therefore, normally we measure the tempe rature from conven-
ient sites which are at a tempe rature very close to the true core 
temperature. Clinically, the site used most commonly in adults 
is the mouth. But in children, axilla is more suitable than the 

mouth. The axillary temperature is about 0.3°C lower than the 
oral temperature. In experimental studies, rectal temperature is 
a popular measurement. Rectal temperature is 0.5-1.5°C higher 
than the oral temperature. For monitoring changes in core tem-
perature, external auditory meatus, from where tympanic mem-
brane temperature may be recorded, is a good site for use in 
experimental studies.

WHAT IS NORMAL TEMPERATURE?
Like all regulated functions of the body, temperature is also not 
maintained at a fi xed level but within a narrow range. Further, 
the body temperature shows physiological variations beyond 
the range within which it is ordinarily maintained. Hence, so 
long as the temperature is within the normal range, or deviates 
beyond it in association with specifi c circumstances, the tem-
perature is consi dered normal.
 The core body temperature shows a diurnal variation. The 
temperature is higher during the day than at night. The varia-
tion is not due to activity or meals, although these factors may 
accentuate the diurnal variation. The variation is seen even in 
a person who is supine, and consumes only light liquid meals 
every hour throughout the 24 hours. In such a person, the high-
est temperature occurs at about 6 p.m. and the lowest at about 
3 a.m., the difference between the highest and lowest being 
about 1°C. Diurnal variation is thought to be due to cyclic 
resetting of the hypothalamic thermostat (see below).
 In women, body temperature shows cyclic variation syn-
chronous with the menstrual cycle. The basal body temperature 
shows a rise of about 0.5°C at the time of ovulation and stays at 
the higher level till the onset of menstruation.
 There is a small but fi nite seasonal variation in body tem-
perature, the temperature being higher in summers than in win-
ters. Similarly, the temperature rises a little after a hot water 
bath and falls a little after a cold water bath. The oral tempera-
ture gives a very fallacious esti mate of the core temperature 
after a cold or a hot drink.
 There may also be a rise in body temperature after meals. 
Physical exercise and emotional outbursts raise the body tem-
perature. This is important to keep in mind because the rise 
may be as much as 4°C at the end of heavy exercise. The body 
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temperature is particularly labile in small children. The child’s 
temperature may rise considerably after a little physical exer-
tion or after a bout of crying, and the parents may mistake it for 
a fever.

HEAT BALANCE
Regulation of body temperature depends on striking a balance 
between heat gain and heat loss. The major factors which affect 
heat balance of the body have been shown in Table 5.2.1. Some 
of these factors are primarily a part of mechanisms designed 
for temperature regula tion. Some more are resorted to by man 
or animals to aid temperature regulation (behavioural adap-
tation). The rest of the factors affect heat balance but are not 
aimed at temperature regulation. While studying these factors 
we should keep in mind that the basic mechanisms of heat 
transfer, viz. conduction, convection and radiation apply to 
every object, inanimate and animate. The effect of physiologi-
cal and behavioural adaptive mechanisms eventually depends 
on how they affect heat transfer from or to the body by these 
physical processes.

Factors Promoting Heat Gain
The body gains heat directly when its heat production 
increases. But reduction in heat loss from the body may also be 
considered an indirect form of heat gain.

Increased Heat Production
The body produces energy throughout life by burning various 
fuels with the help of oxygen. Part of the energy so produced 
is dissipated as heat. Heat production (thermogenesis) by the 
body is increased whenever there is an increase in the meta-
bolic rate. Some important factors which increase heat produc-
tion have been discussed below.
1. Shivering Shivering is the result of rapidly alternating 
contraction and relaxation of skeletal muscles. This muscular 
activity results in no purposeful movement but does increase 
heat production. Shivering has a specifi c threshold: it usually 
begins when the ambient tempe rature falls below 30°C.
2. Neurohumoral stimulation of metabolic rate Stimu-
lation of the sympathetic division of autonomic nervous system 
increases the metabolic rate. Associated with sympathetic stim-
ulation is also release of adrenaline from the adrenal medulla. 
Adrenalin also increases the metabolic rate, and hence heat 
production. Neuro humoral mechanisms for increase in heat 
production are collectively called non shivering thermogenesis.
3. Exercise Exercise increases heat production. Therefore 
physical exercise in hot environment leads to marked activa-
tion of heat loss mechanisms (e.g. sweating) so that body tem-
perature can be maintained.
4. Thermic effect of feeding The metabolic rate increases 
soon after a meal and stays above the basal level for upto 6 
h after the meal. The effect is partly due to the energy spent 
on digestion and absorption of food, and partly due to the 
metabolic pathways involved in assimilation of the food. The 
thermic effect of feeding (TEF) is maxi mum for proteins. For 

more details on TEF, also called dietary-induced thermogen-
esis (DIT) or specifi c dynamic action (SDA), see Chapter 7.2.

Decreased Heat Loss
Some important factors which decrease heat loss from the 
body, or help the body conserve heat, have been dis cussed 
below.
1. Cutaneous vasoconstriction Reduction in blood fl ow 
to the skin is an important mechanism for conserving heat in 
a cold environment. Reduction in blood fl ow lets the skin tem-
perature drop closer to the temperature of the surroundings. 
Since the rate of loss of heat depends on the difference between 
the temperature of an object and that of its surroundings, fall 
in skin temperature reduces the loss of heat from the body. The 
skin acts like a cold shell around a warm core and helps keep 
the core warm by reducing heat loss.
2. Increased insulation Besides cutaneous vasocons-
triction, which improves insulation provided by the skin, ani-
mals with a fur show erection of hair in cold environ ment 
which improves the insulation around the body still further. 
Human beings achieve the same end by wearing clothing 
which can trap air in the same way as fur. Since air is a good 
insulator, a pocket of air around the body reduces heat loss. 
Seeking suitable clothing is a type of behavioural response to 
environmental tempe rature.
3. Reduced air movement If air movement is sluggish, 
the air which has been warmed by the body once will not be 
quickly replaced by new cold air which would take still more 
heat away from the body. That is why, a part of the behavioural 
responses to low environmental temperature is to stay indoors, 
to keep the fans off, and to keep the doors and windows closed.
4. Warmer environment Just as cold skin reduces the 
difference between environmental temperature and skin tem-
perature, so does a warm environment. Therefore, the body 
loses less heat if the environment is warm.1 That is why, a 
behavioural response to low temperature is to seek warmer 

Table 5.2.1: Factors affecting heat balance

Heat gain Heat loss

Increased heat production Increased heat dissipation
1. Shivering* 1. Cutaneous vasodilation*
2. Neurohumoral stimulation  2. Sweating*
 of metabolic rate* 3. Panting**
3. Exercise 4. Air movement
4. Thermic effect of feeding 5. Cooler environment
  6. Increased surface area

Decreased heat loss Decreased heat conservation
1. Cutaneous vasoconstriction* Reduced insulation
2. Increased insulation  (clothing/fur)
 (clothing/fur)
3. Reduced air movement
4. Warmer environment
5. Reduced surface area

*Basic physiological mechanisms of temperature regulation in man.
**A basic physiological mechanism of temperature regulation in dog 
and related animals.

1
 If the surroundings are at a higher temperature than the body, the body may theoretically gain heat from the surroundings. The reason why this does not 

actually happen very often is because in that situation very effi cient heat dissipation mechanisms (e.g. sweating) come into play.
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surroundings, and in human beings, to make the surroundings 
warm by using a fi re or a heater.
5. Reduced surface area The rate of loss of heat by an 
object depends on its surface area exposed to the colder sur-
roundings. Therefore some of the behavioural respon ses to low 
environmental temperature are to sit close to one another, to 
curl up while lying down, and to cover much of the body sur-
face with clothing.

Factors Promoting Heat Loss
The body loses heat directly by heat dissipation. But reduction 
in heat conservation also indirectly results in accelerated heat 
loss.

Increased Heat Dissipation
Some important factors which increase heat dissipation by the 
body have been discussed below.
1. Cutaneous vasodilation Vasodilation increases the 
blood fl ow. Since blood temperature is maintained at about 
37°C, increase in blood fl ow raises the temperature of skin. 
Further, since the blood is fl owing, it provides a renewable 
source from which heat may be lost conti nuously. Cutaneous 
vasodilation increases heat loss from the body principally by 
radiation.
2. Sweating There are three types of water loss from the 
skin. Some water loss goes on continuously at all environmen-
tal temperatures, and is called insensible perspiration. Then 
there is sweating over the palms and soles during moments 
of emotional stress, also called cold sweat. Finally, there is 
sweating all over the body when environmental temperature 
is high. This form of sweating is called thermal sweating, 
and is the only form of sweat ing with which we are concerned 
here.
 Sweat wets the surface of the body and evaporates. As it 
evaporates, it takes heat from the body. Evaporative cooling is 
the only mechanism available for lowering body temperature 
when the environmental temperature is above the body tem-
perature. It is well to keep in mind that it is evaporation which 
produces cooling, not merely sweating. That is why when the 
humidity is high, and hence evaporation very slow, one feels 
very uncom for table in spite of profuse sweating. In other 
words, it is the sweat which dries, not the sweat which drips, 
that helps in losing heat.
 Glands responsible for thermal sweating are of the eccrine2 
type and are distributed all over the body. Their nerve supply is 
unique in that it is sympathetic but cholinergic.3 Human beings 
have an enormous capacity to sweat and are therefore very well 
equipped to with stand heat stress. However, the water and salt 
loss incurred in the process of sweating has to be replaced to 
maintain homeostasis.
 Sweating is a very effi cient mechanism of heat loss but is 
not very widespread in the animal kingdom. Besides human 
beings and his very close cousins such as chimpanzees, only 
horses and some breeds of cattle and sheep have the mecha-

nism of thermal sweating, and none of them is as effi cient at it 
as human beings.
3. Panting Panting is also a mechanism of evaporative heat 
loss. It is particularly effi cient in dogs and closely related ani-
mals, but is also seen in horses and cattle. Horses and some 
breeds of cattle and sheep use panting in conjunction with 
sweating for achieving heat loss.
 Panting involves rapid but shallow breathing. In panting, 
air enters through the nose and leaves through the mouth. In the 
process it passes over the large surface area of nasal turbinates 
and the extended tongue. The surface of nasal turbinates is 
warm and moist, and the tongue is kept very wet by salivation. 
Thus the rapid fl ow of air, which is repeated at high frequency, 
is able to achieve an impressive amount of heat loss.
 Animals who neither sweat nor pant sometimes achieve 
evaporative cooling through other means. For example, the 
elephant sprinkles water on its back with the help of its trunk. 
Some animals lick their fur with saliva to achieve evaporative 
cooling.
4. Air movement Faster movement of air around the body 
increases loss of heat from the body by evaporation and con-
vection. That is why we use fans in summers.
5. Cooler environment A cooler environment increases 
heat loss by increasing the temperature difference between the 
body and its surroundings. That is why all animals seek shade 
and human beings even use cooling devices in summers.
6. Increased surface area Increased surface area increases 
heat loss from the body by evaporation, convection as well as 
radiation. That is why animals do not like assuming a coiled up 
posture or huddling together in summers.

Decreased Heat Conservation
Reduction in the degree of insulation around the body reduces 
the body’s capacity to conserve heat and indirectly increases 
heat loss. Human beings achieve this by reduced and appropri-
ate clothing. Animals with fur and feathers assume a less fl uffy 
look in summers to reduce the amount of air trapped around the 
body and thereby reduce the insulation.

TEMPERATURE REGULATORY MECHANISMS
Like other homeostatic mechanisms, thermoregulatory mecha-
nisms also have three basic requirements: detection of stimuli 
which threaten homeostasis, processing of the stimuli to for-
mulate an appropriate response, and implementation of the 
response. The first requirement is met by thermosensitive 
areas, the second task is perfor med by some areas of the cen-
tral nervous system, spe cially the hypothalamus, and fi nally the 
implemen tation is by activation of various mechanisms of heat 
dissipation or heat conservation and production.

Thermosensitive Areas
There are numerous thermosensitive neural structures in the 
body but it is not certain whether all of them are important for 

2 Eccrine glands are those glands whose secretion is a product of cellular activity but does not contain any cellular components. In contrast, secretion of 
apocrine glands contains the apical part of secretory cells, and the secretion of holocrine glands contains entire secretory cells laden with the secretory 
material.
3 Sweat glands responsible for “cold sweat” are supplied by sympathetic adrenergic nerve fi bres.
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thermoregulation. From this point of view, the better estab-
lished thermosensors are the preoptic area and anterior region 
of the hypothalamus, and tempe rature receptors of the skin. 
In addition, thermosensitive neurons have also been detected 
in the midbrain, lower brainstem and even spinal cord. These 
neurons not only show a change in their activity in response to 
small chan ges in temperature, but exposing them to tempera-
tures slightly above or below the normal core temperature initi-
ates appropriate thermoregulatory mechanisms as well. There 
is some evidence for thermosensitive nerve endings also in the 
abdominal viscera, skeletomuscular system and some more 
inaccessible or unknown locations.

Central Processors
As in case of other autonomic functions, hypothalamus is the 
best established central processor of information concerned 
with thermoregulation. After appropriate pro ces sing, ante-
rior hypothalamus initiates heat dissipation mechanisms in 
response to high environ mental tempera ture, and posterior 
hypothalamus activates mechanisms for heat conservation and 
production.
 Besides the hypothalamus, the thalamocortical circuits also 
possibly play some role in thermoregulation.
 However, experiments in which the brain has been sec-
tioned at levels below the hypothalamus have shown that lower 
regions of the brainstem and even the spinal cord also have the 
neuronal network for processing tempe rature signals and ini-
tiating some appropriate thermoregulatory responses. But the 
accuracy of regulation by these lower levels of the nervous 
system may not be as good as by the hypothalamus. It is not 
certain whether the lower thermoregulatory centres play a sub-
sidiary role, or are vestigial in nature, or represent a reserve to 
be made use of when the higher centres fail.

Effector Responses
As already discussed, the principal mechanisms for heat dis-
sipation in man are cutaneous vasodilation and sweating. The 
principal mechanism for heat conser vation is cutaneous vaso-
constriction. Heat production is increased by enhanced sym-
pathoadrenal discharge and by shivering.

Models of Thermoregulation
Various models of thermoregulation have been proposed on the 
basis of available experimental evidence. Two key concepts, 
that of zone of thermal neutrality and of set point, are common 
to most models.

Zone of Thermal Neutrality
The zone of thermal neutrality refers to a narrow range of ambi-
ent temperature (25-27°C) in which normal body temperature 
can be maintained solely by physical mechanisms. Alteration 
in cutaneous blood fl ow is inclu ded in the physical mecha-
nisms. In the zone of thermal neutrality, the body has to spend 
no energy beyond the basal metabolism for thermoregulation 

because no active energy consuming process such as sweating 
or shivering is necessary.4

Set Point
It is assumed that the posterior hypothalamus is the seat of a set 
point towards which the thermoregulatory mechanisms bring 
the core temperature. The set point is believed to be reset at a 
higher level in fever. Set point is a valuable concept which has 
facilitated our under standing of thermoregulation in normal as 
well as abnormal states. However, there is no experimental evi-
dence for a set point.

The Classical Model
Various models of thermoregulation are minor variations of 
a basic model which has stood the test of time. As per this 
model, if the ambient temperature lies beyond the zone of 
thermal neutrality it tends to move the body temperature away 
from normal. However, the body temperature does not actu-
ally deviate much from normal because variations in ambient 
temperature are detected by the thermosensors. Thermosensors 
may be considered to be peripheral (outside the central nerv-
ous system) and central (within the central nervous system). 
Peripheral thermosensors such as those in the skin and viscera 
convey information about change in ambient temperature to 
the central processors via neural pathways. Central thermosen-
sors such as those in the anterior hypothalamus detect changes 
in ambient temperature indirectly by detecting changes in the 
temperature of the blood circulating through them. Information 
from all peripheral and central thermosensors is integrated in 
the central processors. The nature of interaction between infor-
mation from different thermosensors is not certain: it may be 
additive, multiplicative, or a combination of both. Regard-
less of the nature of the interaction, it has been shown experi-
mentally that total body thermosensitivity is greater than the 
sum of individual sensitivities of known thermosensors. The 
integrated information about ambient temperature is matched 
with the set point. If the matching indicates a tendency for the 

The Busy Bees

The bees maintain a temperature between 25 and 35°C in 
the beehive. This is how they do it.
 When the beehive gets cold, the bees go buzzing. They 
move their wings so rapidly that their body temperature 
rises. To reduce the loss of heat, they huddle close to each 
other. They also cover the ‘cells’ containing the larvae to 
protect them from cold.
 When the beehive gets hot, some bees go out and bring 
water in their proboscis. They spray it in the hive while their 
friends who stayed in the hive move their wings to create 
currents of air to hasten evaporation of the water. How 
very similar to our desert coolers in which the pump sprays 
water and the fan hastens its evaporation!

4 Strictly speaking, the range of 25-27°C is the zone of thermal neutrality only for an individual at rest in the postabsorptive state. During exercise or 
after meals the body can maintain the normal temperature only by dissipating some heat in order to compensate for the increase in metabolic rate during 
these states.
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body temperature to fall below the set point, the central nerv-
ous system (principally, the posterior hypothalamus) stimulates 
effector mechanisms for heat production and conser vation. On 
the other hand, if there is a tendency for the body temperature 
to rise above the set point, the central nervous system (princi-
pally, the anterior hypothalamus) stimulates effector mecha-
nisms for heat dissipation. As a result of activation of appro-
priate effector mechanisms, the deviant tendency is corrected. 
Accordingly the temperature of the blood circulating through 
the central thermosensors becomes close to the set point. Hence 
the original stimulus for effector mechanisms is reduced and 
overcompensation is prevented. Thus temperature regulation 
follows the usual principles of negative feed back regulation. 
The multiplicity of thermosensors, central processors as well 
as effector mechanisms indi cates a high degree of redundancy 
and reserve, which is quite justifi ed in view of the importance 
of temperature regulation in homeostasis. In human beings this 
important function is performed with great accuracy. A change 

of 25°C in the environmental temperature produces a change 
of only 1°C in the core temperature, giving a remarkable gain 
of 24.

FEVER
Fever, or pyrexia, is an abnormal increase in core tempera-
ture. There are everyday situations, such as exercise, which 
are accompanied by a physiological increase in temperature. 
It is important not to consider these as fever. This is impor-
tant because some patients get unduly disturbed by physiologi-
cal variations and start feeling that they have fever. Fever is 
usually asso ciated with an infl ammatory response in the body, 
which may or may not be due to an infection. The cause of the 
fever in either case are substances, collectively called pyrogens 
(pyr, fi re; gennan, to produce) released by the white blood cells 
or macrophages. Interleukin-1 is an example of such a pyrogen.
 The pyrogens are believed to reset the hypothalamic set 
point at a higher level so that the temperature is now regulated 
at a higher level. This way of looking at a fever explains why 
shivering is often seen during the rising phase of fever and why 
sweating may be seen when the temperature is coming down. 
Initially, at the onset of disease, the body temperature is normal 
but the hypo tha la mus is reset at a higher level. Since the body 
is cold as compared to the set point, the body responds by acti-
vating heat production mechanisms such as shivering. When 
the body temperature has come up to the new set point, shiver-
ing stops. On the other hand when the disease responsible for 
the fever is cured, the hypothala mic thermostat is again reset at 
the normal level. But the person still has fever. Since the body 
is now warm as compared to the set point, it responds by acti-
vating heat dissipation mechanisms such as sweating. When 
the body temperature has come down to the new (normal) set 
point, sweating stops.
 Antipyretics such as aspirin are believed to reset the 
hypothalamic set point to the normal level if it is set at an 
abnormally high level. That is how they bring down the body 
temperature in fever. Since antipyretics do not affect heat pro-
duction or dissipation mechanisms directly, these drugs do not 
affect the body temperature if it is already normal.
 In this chapter we have discussed the general 
mechanisms of temperature regulation. But if a person is 
exposed to extremes of high or low temperature for a pro-
longed period, there are adaptive changes which make survival 
easier. Most of these changes merely involve sharpening or 
modifi cation of the normal temperature regulatory mechanisms 
but some adapta tions may be unique to acclimatized individ-
uals. The process of acclimatization to extremes of environ-
mental tempe rature forms the subject matter of the next two 
chapters.

QUESTIONS AND PROBLEMS
1. What is the significance of shallow breathing during 

panting?
2. Why are frogs so inactive during winters?
3. Why is our urine warm even on a very cold day?
4. Why do we see fog when we breathe out on a cold day?

Is Fever Good?

It has often been argued on teleological grounds that fever 
may be a benefi cial reaction of the body to illness. Now 
there is considerable evidence in favour of this intuitive feel-
ing. In an ingenious study, Mathew Kluger of the University 
of Michigan Medical school demonstrated this fact on liz-
ards. He devised a surface which was cold at one end and 
hot at the other. Healthy or infected lizards were placed on 
the surface. Healthy lizards settled for a point where their 
body temeprature would stabilize at 37°C whereas infected 
ones chose to settle at a point on the surface where the 
body temperature would rise a few degrees above 37°C. If 
infected lizards were prevented from doing so, they were 
less likely to survive the infection.
 Interleukin-1 (IL-1), the best studied endogenous pyro-
gen, not only resets the hypothalamic thermostat at a higher 
level but also has many other physiological effects. It acti-
vates helper T cells to synthesize interleukin-2, which brings 
about clonal proliferation of the specifi cally relevant T cells. 
The higher body temperature itself also has a stimulatory 
effect on T cell mitosis. IL-1 has a chemotactic infl uence on 
neutrophils and monocytes, and induces lysosomal discharge 
from neutrophils. It also stimulates microbicidal oxidative 
reactions in neutrophils. IL-1 stimulates collagen synthesis 
by fi broblasts, which promotes healing. IL-1 imposes some 
compulsory rest on the patient, which may be helpful. Thus 
IL-1 has several effects which may, directly or through the 
high body temperature which it induces, help the body in 
fi ghting an infection.
 In practice, it is possibly best to follow the middle path. 
Low grade or moderate fever need not be brought down 
with antipyretics. But if the temperature goes beyond 39°C, 
it should be treated with antipyretics. Fever beyond 40°C 
becomes very close to a level which is harmful by virtue of 
the temperature itself, and therefore it is prudent not to let 
the temperature reach such a level.
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ANSWERS AND SOLUTIONS

1. Shallow breathing is essentially confi ned to the dead space. 
Therefore shallow breathing, in spite of being rapid, does 
not wash out carbon dioxide to such an extent as to depress 
respiration or produce unconsciousness through cerebral 
vasoconstriction.

2. Frogs and other poikilothermal animals are very poor at 
regulating their body temperature. Therefore in winters 
their body temperature drops to a level at which survival is 
possible but activity is compromised. Some poikilotherms 
pass the winter at a low core temperature and low metabolic 
rate. All physical activity, including eating, is suspended. 
The animal often seeks shelter underground where it is 
somewhat protected from predators as well as cold. The 

phenomenon is known as hibernation. During hibernation 
the animal waits patiently for the ambient temperature to 
rise when the animal spontaneously rewarms itself and 
resumes activity.

3. The urine is warm because of having been in contact with 
the urinary bladder, the temperature of which is maintained 
around 37°C like that of all deep structures of the body.

4. We see fog because the expired air is saturated with water 
vapour at 37°C. At the low atmospheric temperature pre-
vailing on a cold day, the air can hold much less water 
vapour than at 37°C. Therefore part of the water vapour in 
expired air condenses when expired air is exposed to the 
low temperature outside the body. The condensed water 
vapour appears as fog.
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5.3
Life in Hot Environment

Although the surface of the earth has been gradually cooling 
down for millennia, some parts of earth are still so hot as to 
outstrip man’s limits of tolerance. There are two types of hot 
climates: hot-dry and warm-humid. Hot-dry climate is found 
in deserts. The environmental temperature frequently exceeds 
50°C, and there is acute shortage of water. Water shortage 
accentuates the problem because it limits the availability of 
water to achieve evaporative cooling. Therefore in hot dry 
climate the major challenge is to maintain sweat production. 
Warm-humid climate is found in tropical forests. Here the 
environmental temperatures are usually below 35°C but the 
humidity is more than 75%. In such a climate it is diffi cult to 
achieve evaporative cooling because the sweat does not dry. 
As mentioned in the last chapter, the sweat which dries is the 
one that cools, not the sweat which drips. Therefore in warm-
humid climate the major chal lenge is to promote evaporation 
of sweat.
 In extremely hot climates, man’s chief assets are his enor-
mous capacity to sweat, and behavioural adaptation. Man uses 
his intelligence to make clothing and shelter, to cool the shelter, 
and to promote evaporation with the help of fans. As a result 
man can achieve reasonable comfort even in very hot climates. 
However, the subject of this chapter will be how man faces the 
challenge of hot environment using his physiological responses 
and adaptive mechanisms.

EFFECTS OF ACUTE HEAT
Effects of acute exposure to heat may be divided into ther-
moregulatory responses and other effects.

Thermoregulatory Responses
These have already been discussed in Chapter 5.2. But to reca-
pitulate briefl y, these consist of cutaneous vaso dilation and 
sweating. Vasodilation is of very limited value in extremely hot 
environments because it reaches its maximum at a very early 
stage of the exposure. Further, no net loss of heat may be pos-
sible through this mechanism if the environmental tempera-
ture exceeds the body temperature. Sweating, therefore, is the 
major thermoregulatory response in hot environment. Sweating 
begins in a nude human being when the ambient tempe rature is 
30°C. The threshold temperature for sweating decreases, how-
ever, as a result of acclimati zation (see below).

Other Effects of Acute Heat Exposure
Heat accelerates chemical reactions and thereby stimu lates cel-
lular metabolism directly. It also increases the metabolic rate 
indirectly by raising the rate of respiration and thereby increas-
ing the work of breathing. In spite of the increase in metabolic 
rate, the food intake may decrease because food also stimulates 
metabolism and heat production, and for the body, thermoreg-
ulation is more important than energy balance during acute 
exposure. Hence there may be some initial hypo gly caemia 
during heat exposure.
 During heat exposure, the pulse rate increases accom panied 
by a corresponding decrease in stroke volume. Therefore, the 
cardiac output does not change.
 If the water lost in sweat is not replaced adequately, the 
person gets dehydrated. This can happen very easily because 
thirst is a poor guide to the amount of water required for 
replacing the loss. The sensation of thirst gets satisfi ed with 
much less water than is required for complete rehydration. On 
the other hand, sweating conti nues in spite of fairly advanced 
degrees of dehy dration.
 The urinary volume is reduced as a result of exposure to 
heat even if water loss is replaced adequately. The urine shows 
signifi cant antidiuretic activity after acute heat exposure sug-
gesting that a humoral agent mediates the antidiuretic response.

ACCLIMATIZATION TO HOT ENVIRONMENT
Relatively long-term exposure to hot environment leads to 
the development of physiological characteristics which make 
stay in that environment more convenient and comfortable. 
It has been found through experimental studies that the mini-
mum period required for acclimati zation to occur is remark-
ably short. If a person is exposed to heat for 100 min every-
day, adaptive changes occur at a rapid rate for 4-6 days. After 
that the rate of acclimati zation slows down. Acclimatization is 
almost complete in 10-14 days. It helps the process of acclima-
tization if the individual performs some physical exercise for at 
least part of the duration of heat exposure.
 The adaptive changes during acclimatization are concerned 
primarily with sweat secretion. An acclima tized individual 
acquires an enhanced capacity to sweat, i.e. his maximum 
sweat output is increased. He also shows a decrease in the 
threshold temperature for sweating, i.e. he starts sweating at 

5.3.indd   2755.3.indd   275 8/23/2010   12:14:05 PM8/23/2010   12:14:05 PM



SE
C

T
IO

N
 5

: 
En

vi
ro

n
m

en
ta

l 
Ph

ys
io

lo
g
y

276

a lower environmental or skin temperature. His distribution of 
sweat over the body improves, i.e. it becomes more complete 
and even. All these changes make sweating more effi cient. 
Another change during acclimatization is a decrease in the salt 
concentration of sweat, i.e. he loses less salt per litre of sweat. 
The decrease in sweat salt excretion is due to an adaptive 
increase in aldosterone secretion. This change makes it easier 
to cope up with sweating because it is easier to replace water 
loss than salt loss.
 The consequences of these adaptive changes are that an 
acclimatized individual can tolerate heat with a smaller rise in 
rectal temperature, a smaller rise in pulse rate, and less mental 
discomfort. Further, he can survive higher environmental tem-
peratures and can perform more physical work at a given high 
ambient temperature.

COMPARATIVE PHYSIOLOGY OF HEAT 
ADAPTATION

In the desert environment we fi nd a large variety of fl ora and 
fauna. It is interesting to examine the characteristics which 
enable them to tolerate extremes of hot climate. The adaptive 
characteristics have been classifi ed into anatomical, physiolog-
ical and ethological (behavioural). No single species shows all 
the favourable adaptations for heat tolerance, but the few that it 
does show, are enough for survival. Some examples of charac-
teristics which favour adaptation to heat are as follows.

Anatomical
A large body with relatively small extremities is helpful. The 
large body can store more heat. Hence it has greater thermal 
inertia. On being exposed to an environment which results in 
a net gain of heat by the body, the body temperature rises only 
slowly. You may verify this by placing two balls, one large and 
one small, made of the same material, in the sun. The tempera-
ture of the large one will not rise as fast as that of the smaller 
one. This is because the surface area, which is related to the 
amount of heat absorbed, increases slower than the volume 
or mass.1 The smaller extremities help in reducing the surface 
area and thus improve the thermal inertia.
 Another anatomical adaptation which helps in hot climates, 
somewhat surprisingly, is a heavy coat of fur, specially if light 
in colour. The light colour incrases the refl ection and reduces 
the absorption of heat from the surroundings. The thickness of 
the fur insulates the under lying skin against a rise in tempera-
ture. Thus the fur temperature rises much more than the tem-
perature of the skin.

Physiological
Water is the most precious commodity in hot climates, both 
because it is often scarce, and because it can be employed for 
cooling. Therefore the almost universal physiological adapta-
tions to hot climate are those concerning water conservation 
by minimising pul monary, cutaneous, urinary and faecal water 
loss. In spite of these water conservation measures, an animal 
is prone to get dehydrated in the desert climate. We fi nd that 
desert animals can often tolerate dehydration better. For exam-
ple, the maximum dehydration that man can survive is 20% of 
body weight, in case of camel it is 27% and in case of desert 
rabbit it is 50%.

Behavioural
One of the behavioural adaptations which rodents show is to 
spend the day quietly in a burrow, which being underground, 
is cooler than outside. The animal leaves the burrow and gets 
active at night when it is cooler. Thus nocturnal habit may also 
be considered a behavioural adaptation to hot environment.

Camel: A Remarkable Example
Camel is a good example of remarkable adaptation to extremes 
of dry heat. There are documented cases of camels having 
walked 480 km over a period of 17 days without getting even 
a drop of water to drink. Various features of the camel which 
contribute to such impressive adaptation are:
1. The camel has a large body (weight: about 500 kg) and 

relatively small extremities. These are helpful as discussed 
earlier.

2. The camel has a fairly heavy coat of fur which is light in 
colour. This is also helpful as discussed above. The tem-
perature of the fur surface on the back has been recorded as 
high as 80°C when the temperature of the skin underneath 
was about 40°C. This shows how much helpful insulation 
fur may provide against heat.

3. A unique feature of the camel is a highly exaggerated diur-
nal variation in body temperature. A core temperature of 
34°C at 6 a.m. and 40°C at 6 p.m. is quite typical when 
a camel is in a desert and deprived of water. The camel 
allows its temperature to drop at night when the ambient 
temperature is low. This happens conveniently through 
loss of heat by physical mechanisms on the basis of the 
difference between body temperature and that of the sur-
roundings. Starting with a low body temperature of 34°C 
in the morning, the camel can store an enormous amount 
of heat in its huge body while letting its body temperature 
rise to 40°C, which is still a level comfortably compatible 
with life. Hence the camel does not need a very good heat 

1 Suppose we have two spheres A and B, made of the same material, of radius 1 cm and 10 cm respectively.

Volume of A = 4
3   (1)3 = 4

3   cu cm

Volume of B = 4
3   (10)3 = 4000

3   cu cm

Surface area of A = 4  (1)2 = 4  sq cm
Surface area of B = 4  (10)2 = 400  sq cm
Thus when the volume (or mass, since the specifi c gravity of both spheres is the same) increases 1000-fold, the surface area increases only 100-fold. 
Hence on being exposed to heat, sphere B will gain 100 times as much heat as A. But since the mass of B is 1000 times larger, the rise in temperature 
of B will be only one-tenth that in case of A.

5.3.indd   2765.3.indd   276 8/23/2010   12:14:06 PM8/23/2010   12:14:06 PM



C
H

A
PT

ER
 5

.3
: Life in

 H
o
t En

viro
n
m

en
t

277

dissipation mechanism during the day. At night, the heat is 
dissipated passively. Thus the camel is able to stay within a 
wide but reasonable range of temperature without needing a 
well developed mechanism of heat loss which is dependent 
on availability of water (e.g. sweating or panting).

 The large diurnal variation is an active adaptation to the hot-
dry environment, not a weakness of the tempe rature regula-
tory mechanisms. This is shown by the fact that the diurnal 
variation is much less if the camel is well hydrated.

4. A camel conserves water by passing a highly concen trated 
urine. The camel can achieve in urine an electro lyte con-
centration eight times as high as that in plasma. In human 
beings, the maximum concentration possible is four times. 
The higher concentration is possible in camel because of the 
longer length of nephrons. The longer loop of Henle and the 
corres pondingly better developed renal medulla results in a 
greater counter-current multiplier effect (Chapter 8.2).

5. Camels have special mechanism for decreasing urinary urea 
excretion when deprived of water. Reduced urea excretion 
reduces the amount of water required to excrete it, and hence 
the urinary volume can be reduced, thereby conserving 
water. The mechanism for reducing urea excretion during 
water deprivation is as follows. Instead of being excreted, 
urea enters the rumen where bacteria use it for protein syn-
thesis. Lower down in the intestinal tract, this protein is 
digested into amino acids and absorbed by the camel. Thus 
urea nitrogen is recycled to derive protein instead of being 
excreted. Why this economical device is not employed all 
the time is not clear. It seems the camel can actively direct 
urea into one or the other channel. In the water-deprived 
state, urea is recycled. In the well-hydrated state, the camel 
excretes urea in the urine like all other animals.

6. The camel loses only minimal quantity of water in the 
faeces.

7. The camel has a reasonably good dehydration tole rance, up 
to 27% dehydration being compatible with survival.

8. While the camel can withstand water deprivation to a 
remarkable degree, it also has an enormous capacity to 
stock up on water when it is available. Man, no matter how 
severely dehydrated, cannot drink more than 2 litres of 
water (4% of body weight) at a stretch. On the other hand, a 
300 kg dehydrated camel can drink up to 100 litres of water 
(33% of body weight) at a stretch.

 There are two popular misconceptions about the camel 
which need to be cleared here. A camel does not store water 
in the stomach, and it does not use its hump for storing water. 
While the camel can drink large quantities of water at a time, 
the water is absorbed and conserved in body fl uids: it does not 
get stored in the stomach. The camel’s hump contains fat, not 
water. The principal weapon of the camel for tolerating the 
desert environment is water conservation, not water storage.

HEAT SYNDROMES
Adverse reactions to heat exposure have been collectively 
called heat syndromes. In some of these the body temperature is 
normal or low, and in some it is high. Even when the tempera-
ture is high, it does not necessarily imply failure of temperature 

regulatory mechanisms. It is quite possible that it is the next 
best alternative for the body to store heat when it is not pos-
sible to dissipate it. In other words, the human being may be 
behaving like a camel in that situation. Some of the common 
heat syn dromes representing different grades of severity have 
been described below.

Heat Cramps
This is a painful condition of limb muscles. It follows exces-
sive sweating, whether due to heat or exercise. It may occur 
even in a cold environment following heavy exercise during 
which sweating has occurred. Heat cramps are primarily due 
to water and salt depletion, and can therefore be treated with 
water and sodium chloride.

Heat Exhaustion
This is a condition of cardiovascular failure. Water and electro-
lyte loss coupled with widespread vasodilation leads to a pic-
ture resembling cardiovascular shock (cold, moist skin; rapid, 
thready pulse; sometimes low blood pressure).
 Loss of consciousness may occur, but is uncommon. The 
body temperature is normal or low.
 Treatment consists of placing the patient in a cool area in 
the recumbent posture. Intravenous fl uids may sometimes be 
necessary.

Heat Stroke
This is a condition of failure of the temperature regulatory 
mechanism. The patient’s core temperature is high: a rectal 
temperature of 41°C (106°F) or more is not uncommon in 
heat stroke. The patient is not sweating any more. The patient 
is often unconscious, and may be in delirium. Kidney damage 
is common, leading to acute renal failure. Mortality is high; 
hence treatment should be started promptly.
 The treatment consists of energetic measures to cool the 
patient. Immersing the patient in a tub of ice cold water is the 
best way to cool him. If that is not possible, the body should be 
covered with wet ice cold towels and sheets. Cooling should be 
continued till the body temperature has fallen to 38°C (101°F).
 In the next chapter we shall examine how living organ-
isms, specially human beings, cope up with an extremely cold 
environment.

QUESTIONS AND PROBLEMS
1. Who is better protected against extreme heat: a person in 

clothes or one without clothes?
2. Why are athletes advised not to take alcohol before a race, 

specially in hot climate?

ANSWERS AND SOLUTIONS
1. Although there is a tendency to shed clothing in warm 

weather, a layer of light absorbent clothing protects against 
extreme heat. It insulates the skin like the fur of the camel. 
Thus the clothing can get hot, leaving the skin relatively 
cooler. To be most protective, the clothing should be of a 
light colour so that it refl ects heat rather than absorb it. It 
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should also absorb sweat and allow it to evaporate. Light 
coloured cotton clothing meets these requirements best.

2. Alcohol produces widespread vasodilation. Exercise pro-
duces vasodilation in the exercising skeletal muscles. Heat 
produces cutaneous vasodilation. Simultaneous vasodilation 
in several vascular beds reduces the circulating blood volume 

and may lead to circulatory shock. Hot weather makes this 
tragedy more likely but is not essential for it. Intense exer-
cise in heavy clothing in cold weather leads to an equivalent 
situation. Sledge dogs can be seen panting furiously after a 
50 km run at 25 km/h in an environmental temperature below
–15°C.
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5.4
Life in Cold Environment

Study of cold environment is just as relevant to our country 
as that of hot environment. The deserts of Rajasthan can be 
pretty cold on winter nights. Further, high altitude areas in the 
northern parts of the country are cold throughout the year. The 
necessity for knowing more about the combination of high 
altitude and cold was brought home to us by our bitter experi-
ences during the confl ict with China in 1962. Part of the reason 
for our reverses was the poor preparedness of our soldiers to 
combat cold.
 The severity of cold depends not only on the environ mental 
temperature but also on wind velocity and humi dity. High wind 
velocity as well as high humidity make the cold worse. For 
example, an environmental tempe rature of 0°C, if accompanied 
by a wind velocity of 70 km per hour, is equivalent to a tem-
perature of –20°C when the air is still. That is why the effect of 
cold is markedly accentuated when one rides a motorcycle.

EFFECTS OF ACUTE COLD EXPOSURE
Human responses to acute exposure to extreme cold are mostly 
directed at maintenance of core temperature. The mechanisms 
underlying these responses depend heavily on thermosensors 
present in the skin. In this respect the responses differ radi-
cally from those to hot environment because thermoregulatory 
responses to heat are activated by thermosensors present in the 
hypothalamus. Most of the responses to cold, except shivering, 
are mediated by increased sympatho-adrenal discharge.
 The initial response to cold is vasoconstriction. How it 
helps by reducing heat loss from the body has already been 
discussed in Chapter 5.2. However, if the exposure to extreme 
cold continues for long, vasoconstriction may give way to 
vasodilatation, and eventually a pattern of alternating vaso-
constriction and vasodilatation might develop. The alternating 
pattern is also called Lewis’ hunting reaction, and is seen spe-
cially in hands and feet. The mechanism underlying the pattern 
is likely to be at least partly local. Vasoconstriction reduces 
blood fl ow and hence leads to accumulation of carbon dioxide 
and other metabolites characteristic of tissue hypoxia. All these 
metabolites have a vasodilator effect. Vasodilatation improves 
blood fl ow, relieves hypoxia, and washes away metabolites. 
With the stimuli for vasodilatation gone, the vasoconstrictor 
response to cold supervenes. This may lead to accumulation 

of metabolites once again: thus the cycle goes on. Besides the 
local metabolites, sympathetic vasodilator fi bres may also be 
making a contribution to the vasodilatation.
 Another response to cold is the appearance of ‘goose pim-
ples’ on the skin. This is a vestigial response corres pon ding a 
pilo-erection in animals. In animals, pilo-erection serves the 
useful purpose of making the fur coat thicker, thereby improv-
ing its capacity to conserve heat. But human hair are so 
short that pilo-erection does not serve any thermoregulatory 
function.
 The sympatho-adrenal discharge in response to cold expo-
sure increases the heart rate and respiratory rate, and also con-
tributes to the increase in metabolic rate during the exposure.
 Acute exposure to cold also releases thyrotropin (TSH) and 
corticotropin (ACTH) from the anterior pituitary. TSH leads to 
increased secretion of thyroid hormones, and ACTH increases 
the secretion of adrenal cortical glucocorticoids. Thyroid hor-
mones raise the metabolic rate and heat production in the body. 
Glucocorticoids improve the capacity of the body to withstand 
any type of stress, including cold stress (Chapter 9.4).
 The major heat production mechanism induced by cold 
stress is shivering. Shivering raises the metabolic rate 3 to 
4-fold, and may raise the core temperature by 0.5°C. In an 
unacclimatized person, shivering usually begins when the 
environmental temperature falls to 30°C. Shivering response 
depends on stimulation of cold receptors in the skin, integra-
tion of this information from different regions of the body in 
the brainstem, and initia tion of the shivering response in the 
posterior hypo thalamus.
 All the above physiological responses may be reduced 
or absent if they are rendered unnecessary by behavioural 
responses. A primitive behavioural response is to assume a 
curled up posture (ball position). Peculiarly human behavioural 
responses include also seeking heavy clothing, and warming 
the microenvironment with heaters.

EFFECTS OF LONG-TERM COLD EXPOSURE
Unlike in case of hot environment, there are more than one 
ways in which human beings may adapt to a long-term 
exposure to cold. The type of adaptation seems to vary with 
the ethnic group. Let us examine the various physiological 
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responses which might help in coping up with the challenge of 
cold environment. The responses may be classifi ed into meta-
bolic, insulative and hypo thermic.

Metabolic Responses
There are at least three known metabolic patterns observed in 
response to long-term exposure to cold. Surpri singly, each of 
these patterns is compatible with reasonable thermoregulation, 
and it can be reasoned how the pattern might help survival in 
cold.

1. Increased Metabolic Rate
This is often considered to be the normal response because it is 
the response of the best studied ethnic group, the Caucasians, 
and also that of some common laboratory animals. The response 
consists of increased heat produc tion, initially by shivering, 
and later by non-shivering thermogenesis (NST). NST is due 
to the increased meta bolic rate in liver, other abdominal vis-
cera and skeletal muscles. In several laboratory animals, and 
possibly also in the human infant, excess metabolism in brown 
adipose tissue (BAT) also contributes to NST. BAT is an inter-
scapular pad of fat endowed with abundant mitochondria and 
metabolic characteristics which make it a tissue with a high 
metabolic rate, most of the energy consumed being dissipated 
as heat. The NST response to cold seems to be mediated by 
sympathetic stimulation and thyroid hormones.
 The advantage of increasing heat production through NST 
while facing cold stress is quite obvious. In cold environment, 
heat loss from the body is accelerated due to physical mech-
anisms. Increased heat production tends to compensate for it 
and restores heat balance, thereby assisting thermoregulation. 
Increasing heat production by shivering is tiring. Therefore on 
a long-term basis, alternative methods of increasing heat pro-
duction are very useful.

2. Seasonal Variation in Metabolic Rate
In the diving women of Korea and Japan, who dive in cold 
water, there is an increase of the order of 35% in the meta-
bolic rate during winters, and a return to the lower level every 
summer. The higher metabolic rate is helpful in fi ghting the 
cold of winters as explained above. The important difference 
between this case and the unacc lima  tized groups is its seasonal 
fl uctuation rather than its having to wait for actual exposure to 
cold.

3. No Change in Metabolic Rate
Some primitive human tribes can withstand cold without any 
additional expenditure of energy. In this group there are further 
two categories: either the metabolic rate is high and stays high 
when exposed to cold, or the metabolic rate is low and stays 
low when exposed to cold.
(a) High metabolic rate Alacaluf Indians of South Chile 
are exposed to cool wet weather, often below freezing point. 
They live almost naked. They have a high metabolic rate which 
stays high in cold. By virtue of their high metabolic rate they are 
able to maintain a rectal temperature around 37°C. They show 
no signs of discom fort even if asked to sit with their feet in cold 

water at 5°C for 30 min. Since the physiological mechanisms
of the Alacaluf Indians do not differ from those of Caucasians, 
the lack of discomfort is considered an example of habituation.
(b) Low metabolic rate The aborigines of Australia sleep 
unclothed on the ground even in winters when the night tem-
perature may be below freezing level. They have a low meta-
bolic rate which stays low in cold. Because of their low meta-
bolic rate, they are unable to maintain the rectal temperature 
at 37°C. They let their rectal tempe ratures drop to levels still 
compatible with life, and the skin temperatures also drop to 
very low levels: their foot temperature may drop to 10°C at 
night. In spite of these low body temperatures, they feel com-
fortable and sleep well. Australian aborigines are considered a 
classical example of cold adaptation.

Insulative Responses
There are two types of responses to cold which increase insu-
lation around the body: cutaneous vasoconstriction, and sub-
cutaneous fat. Vasoconstriction creates a cold shell around the 
body from where heat loss to the surroundings is minimised. 
Subcutaneous fat also provides insulation because fat is a bad 
conductor of heat. Cutaneous vaso cons triction is an important 
part of adaptation of Australian aborigines and Korean diving 
women.

Hypothermic Responses
Letting the core temperature drop may also be considered an 
adaptive mechanism rather than failure of thermo regulation. 
Reduction in the difference between the body temperature and 
ambient temperature reduces the rate of heat loss from the 
body.

HYPOTHERMIA
Several surgical procedures on the heart or brain require tem-
porary suspension of normal circulation. This is made possible 
by using a cardiopulmonary bypass machine in which a pump 
and an oxygenator take over the function of the heart and lungs 
respectively (Fig. 5.4.1). However, it is still desirable not to 
depend entirely on the artifi cial arrangement. To make things 
easier, the metabolic require  ments of tissues may be reduced so 
that the proba bility and severity of hypoxic damage is reduced. 
The metabolic requirements are reduced by inducing hypo-
thermia. At 25°C, the metabolic requirements are 40-45% and 
at 20°C, the requirements are 20-25% of those at normal tem-
perature. However, care should be taken to prevent shivering 
as a result of low body temperature. Shivering would raise the 
oxygen requirement and thereby defeat the purpose of inducing 
hypothermia.
 While the principle of hypothermia as outlined above is 
very simple, in practice it has the potential of producing sev-
eral pathophysiological derangements. Some of these derange-
ments and their prevention have been discussed below.

1. Hypocapnia Leading to Ischaemia and Hypoxia
Since metabolic rate is reduced at low temperature, both 
oxygen consumption and carbon dioxide production are 

5.4.indd   2805.4.indd   280 8/23/2010   12:13:45 PM8/23/2010   12:13:45 PM



C
H

A
PT

ER
 5

.4
: Life in

 C
o
ld

 En
viro

n
m

en
t

281

reduced. Further, the solubility of these gases in plasma and 
other body fl uids is increased at low temperature. As a result 
of both these factors, the tissue PCO2 is reduced. Reduction in 
PCO2 leads to vasoconstriction and also shifting of the oxygen 
dissociation curve towards the left. Both these factors lead to 
poor oxygen delivery to tissues. The supply of oxygen may be 
so impaired that even the reduced oxygen demand may not be 
adequately met. This phenomenon affects maximally the car-
diac and cerebral tissues because these are critically dependent 
on metabolites for adequate blood fl ow. Ischaemia of cardiac 
tissue reduces cardiac output, which impairs tissue oxygena-
tion further, thus setting up a vicious cycle. However, this may 
not actually happen because of the use of the artifi cial heart in 
cardiac surgery. Impaired oxygenation of cerebral tissue may 
lead to serious irrever si ble damage. This eventuality may be 
prevented by introducing 5-10% carbon dioxide in the breath-
ing mixture.

2. Acid-base Disturbance
Impaired oxygenation of tissues may lead to metabolic aci-
dosis. Further, if the patient is given blood transfusion, citrate 
in the transfused blood may further predispose to metabolic 
acidosis. This is specially likely because citrate is normally 
metabolised in the liver, and in this situation poor blood fl ow 
and reduced metabolism in the liver may impair citrate metab-
olism. This complication may be prevented by using heparin 
instead of citrate as the anticoagulant in the transfused blood.

3. Electrolyte Imbalance
Cooling and consequent reduction in metabolic rate reduces 
the efficiency of metabolically-fuelled pumps such as 
sodium pump. Hence potassium is lost and sodium gained 
by tissues, specially excitable tissues. This may predispose to 
hyperkalaemia.

4. Blood Flow Abnormalities
Low temperature impairs coagulation but not suffi ciently to 
eliminate the need for an anticoagulant. However, the quantity 

of heparin and the coagulation characteristics of blood need 
close monitoring. The effects of heparin may be finally 
reversed with protamine sulphate.
 Low temperature also increases viscosity of blood. This 
may be corrected by haemodilution.
 Haemodilution is achieved by using fresh frozen plasma 
instead of whole blood to prime the extra corporeal circula-
tion. (The cardiopulmonary bypass machine adds capacitance 
to the circulatory system. Hence in order to maintain normal 
haemodynamics, the blood volume should be increased. The 
additional fl uid used for this purpose is called the priming 
fl uid).
 In spite of all the above problems and more, hypother mia 
is used in cardiac surgery because of the time it provides the 
surgeon to manipulate the heart without producing permanent 
ischaemic damage. The maximum safe period of circulatory 
arrest increases markedly at low body temepratures as shown 
in Figures 5.4.2A and B.

HARMFUL EFFECTS OF EXTREME COLD
Extreme degrees of cold, which the body cannot cope with, 
can have generalized as well localized untoward effects. 
Once the body temperature falls to 34°C, the abi lity of the 
body to regulate the temperature is impaired; when it falls 
to 30°C, the ability is completely lost. After that, tempera-
ture can be brouight back towards normal only by artifi cial 
rewarming.
 Locally, extreme cold leads to a number of vascu-
lar reactions. As mentioned earlier, there may be alternate 
vasoconstriction and vasodilatation. There may be sustained 
vasodilatation due to cold-induced paralysis of smooth muscle. 
At skin temperatures below 10°C, pain may be experienced 
and vasodilation may be induced by the axon refl ex. At very 
low temperatures, precapillary resistance vessels (in con-
trast with precapil lary sphincters) may show sustained vaso-
constriction, thereby leading to tissue damage. Cold-induced 
tissue damage is not only due to ischaemia. It is aggravated 
by formation of ice crystals in cells. Unlike water, ice cannot 
serve as a medium for metabolic reactions. Secondly, ice occu-
pies a larger volume than the water which forms it. Hence 
formation of ice crystals in cells has a disruptive infl uence 

Fig. 5.4.1: The basic design of a cardiopulmonary bypass machine.

Not Dead Unless Warm and Dead

A person accidentally exposed long enough to a very low 
environmental temperature may appear dead for all practi-
cal purposes. Pulse and respiration may be absent, and even 
the ECG and EEG may be silent. But the sharp decline in 
metabolic requirements at low temperatures provides a 
margin of safety. Therefore the tissues may be in a state of 
suspended animation rather than dead. Further, the effects 
of hypothermia are reversible. Therefore a cold patient 
should not be considered dead unless warm and dead. The 
patient should be rewarmed and provided life support meas-
ures (e.g. artifi cial respiration and cardiac massage). The 
efforts are frequently rewarded by the patient bouncing 
back to life.
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Figs 5.4.2A and B: Since the metabolic rate falls with the body temperature (A), the maximum safe period of circulatory arrest increases 
as the body temperature falls (B).

on cell membranes. Therefore, prolonged freezing cold may 
lead to death of tissues at the peripheral parts of the body, such 

as fi ngertips, toes and earlobes. The condition is known as 
frostbite.
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5.5
Life at High Altitude

Much of mankind lives at altitudes not far above the sea level. 
The primary problem at high altitude is low atmos pheric pres-
sure (Fig. 5.5.1), although a fall in environ mental temperature 
is also associated with it. Since the composition of air does 
not change with altitude, the partial pressure of oxygen forms 
about 20% of the atmospheric pressure at any altitude. Hence, 
the PO2 is low at high altitudes. The human body is designed 
to deliver adequate oxygen to tissues when supplied oxygen at 
a pressure close to the sea level pressure. If the PO2 falls much 
below the sea level PO2, tissue oxygenation suffers, and con-
sequently physiological functions are deranged. J.S. Milledge 
has very aptly compared the situation to connecting a 24-volt 
motor to a 6-volt battery.
 Understanding high altitude physiology is important 
because there are permanent human settlements (highland-
ers) till 16000 feet in the Himalayas and till 17500 ft in the 
Andes. Natives of the plains (lowlanders) are exposed to 
high altitudes when mountaineers climb moun tains as a 
hobby, soldiers go to the mountains to guard the frontiers of 
their country, or scientists perform high altitude research in 
the mountains. Besides, a large number of air passengers 
may be suddenly and unexpec tedly exposed to the effects 
of a very high altitude if their pressurised airplane develops a 
leak.
 The physiological effects of high altitude may be 
arbitrarily divided into acute responses and acclimati zation. 
The division is somewhat arbitrary because some of the acute 
responses are also benefi cial in coping up with the challenge 
of high altitude. Further, the responses are modifi ed stead-
ily and imperceptibly in such a way that after 2 to 3 days 
they may be considered to be the beginning of acclimatiza-
tion. The sharpness of the division also depends on the rate of 
ascent. If a person is airlifted, exposure to the high altitude is 
so sudden that the physiological changes may be considered 
acute responses. If a person reaches the high altitude slowly 
by climbing, acclimatization proceeds simultaneously with 
climbing.

Fig. 5.5.1: At high altitude the atmospheric pressure is low because 
the column of air above the surface of the earth (h) is smaller than 
the corresponding column at sea level (H). Therefore, although the 
air at both places has 20% oxygen, the PO2 is much lower at high 
altitude. At an altitude of 18000 feet, the atmospheric pressure is 
half that at sea level.

EFFECTS OF ACUTE EXPOSURE TO HIGH 
ALTITUDE

The effects depend considerably on how high the place is 
above sea level. Appreciable effects occur only at altitudes 
above 7000 feet.

Hyperventilation
The low atmospheric PO2 at high altitude gives rise to hypoxic 
hypoxia, which stimulates the carotid body chemoreceptors. In 
response to chemoreceptor stimu lation the person hyperven-
tilates. However, hyper venti la tion washes out carbon dioxide 
leading to a fall in arterial PCO2. Fall in PCO2 tends to depress 
respiration through the central chemoreceptor mechanisms. 
Thus low PO2 tends to stimulate respiration, and the conse-
quent low PCO2 tends to inhibit respiration. The net result of 
these opposing infl uences is an increase in pulmonary ventila-
tion by up to 65%.1

1 If this discussion is not clear, revise the chapter on regulation of respiration (Chapter 4.5).
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Work Capacity
The acute effect of high altitude is a reduction in work capac-
ity. The capacity improves gradually as a result of acclimatiza-
tion but still does not match the work capacity of the natives.

2, 3-diphosphoglycerate (DPG) Concentration
Within hours of exposure to high altitude or hypoxia due to any 
other cause, the DPG concentration of red blood cells increases. 
This happens primarily because of an increase in pH. The pH 
is increased locally within the RBC because the concentration 
of deoxyhaemoglobin increases under hypoxic conditions, and 
deoxyhaemo glo bin binds more hydrogen ions than oxygenated 
haemo globin. Increase in the concentration of DPG reduces the 
affi nity of haemoglobin for oxygen. The pheno menon is advan-
tageous at tissue level because more oxygen dissociates from 
haemoglobin for a given fall in PO2. But the same phenomenon 
can be disadvan tageous in the lungs where less oxygen would 
be picked up by haemoglobin at a given PO2.

Central Nervous System Effects
Neurons of the central nervous system (CNS) are very sensi-
tive to hypoxia. Hypoxia depresses the function of these neu-
rons. Therefore at an altitude of about 12,000 feet, a person 
feels lazy and sleepy, and may get a headache. Depression of 
cortical neurons, which normally inhibit primitive aggressive 
behaviour, results in a release phenomenon. This may lead to 
loss of self-control. The phenomenon resembles, both in its 
mechanism and manifestation, the effect of alcohol. At higher 
altitudes, there may be loss of judgement, twitchings, convul-
sions and fi nally unconsciousness. Consciousness is lost when 
the arterial oxygen saturation falls to 40-50%. This threshold is 
reached at an altitude of 23,000 feet when breathing air, and at 
an altitude of 47,000 feet when breathing oxygen.

ACCLIMATIZATION TO HIGH ALTITUDE
Delivery of atmospheric oxygen to the tissues involves three 
broad stages (Fig. 5.5.2). Each stage involves a drop in PO2. If 
the starting PO2 is low, the body undergoes acclimatization so 
as to:
a. reduce the pressure drop during transfer,
b. increase the oxygen carrying capacity of blood, and
c. improve the ability of the tissues to utilise oxygen.
 Given enough time to acclimatize, using this three-pronged 
strategy, the body is able to adapt so well that a highlander is 
not only comfortable where he is, his work capacity is com-
parable to that of lowlanders. Now we shall examine in some 
detail the adaptive changes which make such excellent accli-
matization possible.

Hyperventilation
It was mentioned earlier that pulmonary ventilation may 
increase by up to 65% due to carotid body chemoreceptor drive 
in spite of the braking effect of carbon dioxide wash out. But 
within 3-4 days there is a further increase in ventilation. The 
minute volume may eventually increase by 500% primarily 
as a result of an increase in the tidal volume. An acclimatized 
individual may achieve a tidal volume of as much as 5 litres.

All is Fair at High Altitude

A high level of performance is usually at the expense of rug-
gedness—be it in human beings or human cells. The most 
specialized cells of the body are those of the brain, and even 
within the brain, the most advanced are the cortical cells 
responsible for memory, judgement, thinking, and restraint.
Therefore, an insult, injury or inhibitory infl uence is most 
likely to fi rst affect these functions of the brain. There are 
interesting incidents which have taken place at high altitudes 
due to impaired function of the brain. In a camp at 21,200 
feet, Brigadier Gyan Singh took several sleeping pills at night 
because he imagined that these were cough lozenges being 
served to him by a doctor. A sherpa, while in a camp at 
22,400 feet, had an interesting experience every time he 
put on an oxygen mask. He saw a goddess ‘Chomolungma’ 
putting her hand on his mouth and suffocating him. Major 
Nandu Jayal was once seen to be leading an imaginary goat 
up the mountains at 24,000 feet for nearly an hour. Albert 
Eagler, leader of the Swiss Everest Expedition said that he 
wanted to stab every member of the team. The only reason 
he didn’t do it was because he didn’t know what he would 
tell their wives when he returned home!

Fig. 5.5.2: Acclimatization to high altitude. Delivery of oxygen to 
tissues involves breathing, diffusion of oxygen to the blood across 
the alveoli, and tissue perfusion with blood. At high altitude, the air 
has the same proportion of oxygen (indicated by fi lled circles) to 
nitrogen (indicated by empty circles) but is less dense. An acclimatized 
individual compensates for this difference by hyperventilation 
(1), a larger chest size (2), an increase in RBC count and hence 
haemoglobin concentration in blood (3), and increased vascularity 
and improved oxygen utilisation in tissues (4).

Mechanism
You might wonder how such a powerful ventilatory drive can 
be maintained in spite of carbon dioxide washout. Carbon diox-
ide washout tends to produce respiratory alkalosis. The alkalo-
sis is compensated by renal excretion of bicarbonate. Thus the 
blood and cerebrospinal fl uid (CSF) carbonic acid/bicarbonate 
ratio, and hence pH, are main tained at the normal level. Since 
central chemo receptors are affected primarily by the pH of 
CSF, they no longer inhibit respiration in spite of carbon diox-
ide wash out. Moreover, there is some evidence that there is 
actually an increase in the sensitivity of respiratory chemore-
ceptor mechanisms to hypoxia and carbon dioxide. As a result, 
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the ventilatory drive due to low PO2 is further enhanced, and 
carbon dioxide may drive respi ration even at low PCO2 levels. 
Further, it might be men tioned that the work of breathing is 
somewhat reduced because the air is rarefi ed. That makes the 
hyper ventilation slightly easier or less tiring.

Advantage
How hyperventilation helps in coping with low atmos pheric 
PO2 is quite simple to understand. The sea level atmospheric 
PO2 is about 150 mm Hg, and alveolar PO2 is about 100 mm 
Hg. The drop is due to two major factors. First, air in the respi-
ratory tract is saturated with water vapour. Water vapour pres-
sure at 37°C (body tempe rature) is 47 mm Hg. Water vapour 
pressure forms part of the total pressure of gases in the respira-
tory passages. Therefore, the partial pressure of oxygen and 
nitrogen is lower in the respiratory passages than in the atmos-
phere. Water vapour pressure stays constant at 47 mm Hg even 
at high altitude because the body temperature does not change 
with altitude. Therefore the drop in PO2 due to this factor is 
irreducible. The second reason for the drop in alveolar pres-
sure is that only a part of the air in the lungs is replaced by 
atmospheric air with each breath. Therefore the changes due to 
removal of oxygen from the alveolar air and addition of carbon 
dioxide to the alveolar air can be only partially reversed during 
inspi ration. However, greater the tidal volume, greater will be 
the fraction of alveolar air replaced by atmospheric air with 
each breath. Hence, a larger tidal volume tends to take alveolar 
PO2 closer to the atmos pheric PO2. That is how a large tidal 
volume offsets at least partly the effect of a low atmospheric 
PO2.

Other Respiratory Changes
Hyperventilation as described above is seen in low landers upon 
acclimatization within a few days. High landers who have been 
living at high altitude for gene rations do not show so much 
hyperventilation. Instead they have a large chest size while the 
rest of the body is somewhat smaller. Thus their ventilatory 
capacity is increased in relation to their body mass.
 Although it would help somewhat to have a higher lung 
diffusion capacity at high altitude, actual measure ments have 
shown that diffusion capacity is not increased as a result of 
short or long-term adaptation to high altitude.

Physiological Polycythemia
Hypoxia is a potent stimulus for erythropoiesis (via the eryth-
ropoietin mechanism, Chapter 2.3). Hence, within a few weeks 
of stay at high altitude, the haemoglobin con centration of blood 
rises. The red cell mass expands and as a result blood volume 
also expands. Since the blood volume is increased, the quantity 
of circulating haemoglobin increases even more than is indi-
cated by the increase in its concentration. The expanded blood 
volume helps keep viscosity in check, and also helps in keep-
ing reasonably normal haemodynamics in spite of increased 
vascularity of tissues (see below).
 Increase in haemoglobin (Hb) increases the oxygen car-
rying capacity of blood. Hence in spite of lower oxygen 

saturation of Hb due to low PO2, the amount of oxygen carried 
at high altitude may be the same as at sea level. For example, 
suppose Hb level at sea level is 14 g/100 mL, and arterial Hb is 
95% saturated with oxygen. On the other hand, suppose at high 
altitude, the Hb level is 18 g/100 mL, and arterial Hb is 70% 
saturated with oxygen. At 100% saturation, 1 g of Hb carries 
1.34 mL oxygen. Then, neglecting dissolved oxygen, oxygen 
content of arterial blood at sea level = 14 × 1.34 × 0.95 = 17.8 
mL/100 mL, and oxygen content of arterial blood at high alti-
tude = 18 × 1.34 × 0.70 = 16.9 mL/100 mL. While increased 
Hb level is clearly helpful, it is not an unmixed blessing. It also 
leads to increased viscosity of blood which increases periph-
eral resistance and imposes additional load on the heart.

Increased Vascularity of Tissues
Normally, only a small fraction of capillaries in a tissue 
are patent. The rest are closed, and constitute a reserve set 
which may open up when the requirements of blood fl ow are 
increased. At high altitude more of the capillaries in a tissue are 
open than at sea level. The increased vascularity increases the 
blood fl ow, and hence brings more oxygen to the tissues. Thus 
at least part of the effect of lower PO2 is overcome.

Improved Ability of Tissues to use Oxygen
There is some evidence that generations of stay at high altitude 
induces metabolic characteristics which facilitate oxygen utili-
zation, such as increased number of mitochondria and higher 
activity of oxidative enzymes.

EXERCISE AT HIGH ALTITUDE
Exercise increases oxygen requirement while at high altitude 
oxygen availability is low. Thus there is a basic similarity 
between the two situations in that oxygen supply is defi cient, 
the defi ciency being absolute in one (which one ?) and rela-
tive in the other.2 Therefore it is quite understandable that work 
capacity is impaired initially on ascent to high altitude. It is 
also observed that after short-term acclimatization the maxi-
mum heart rate (per minute) achieved during exercise is only 
about 140 at high altitude as compared to about 180 at sea 
level. This is possibly due to the increase in viscosity of blood 
as a result of higher haemoglobin levels. Because the heart rate 
cannot be raised high enough, the cardiac output cannot rise 
high enough. Therefore exercise performance is impaired at 
high altitude even after short-term acclimatization. However, 
in native highlanders, maximum heart rate during exercise as 
well as work capacity are about the same as in lowlanders.
 Because of the similarity between the type of challenge 
posed by exercise and high altitude, exercise performed at high 
altitude hastens the process of acclimatization.

MALADAPTATION TO HIGH ALTITUDE
A few individuals do not adapt to high altitude smoothly 
as outlined above. They develop suffi ciently serious mani-
festations to warrant return to low altitude. Even those who 

2 The defi ciency is absolute at high altitude and relative in exercise.
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adapt smoothly may show some ‘deterio ration’ if stationed 
above 16,000 feet for more than 3-4 weeks. Some relatively 
common forms of maladaptation to high altitude have been dis-
cussed briefl y below.

High Altitude Pulmonary Edema
It is seen usually in unacclimatized individuals, but may occur 
even in some acclimatized individuals when they return to the 
high altitude after a stay at low altitude. It is precipitated by 
exercise. The underlying mechanism is not well understood but 
pulmonary vascular hyper tension seems to be the major con-
tributory factor. Two factors may be responsible for the hyper-
tension: fi rst, hypoxia leading to pulmonary vasoconstriction3 
and second, high cardiac output due to exercise. That is why 
hypoxia and exercise are a bad combination. The condition 
may be treated with oxygen, rest, and return to low altitude, if 
possible.

Acute Mountain Sickness
High altitude pulmonary edema described above is one form 
of acute mountain sickness. Another serious form which it can 
take is cerebral edema, giving rise to disorientation, halluci-
nations and other related symp toms. Cerebral edema is due to 
the normal response of cerebral blood vessels to hypoxia, i.e. 
vasodilatation.4 Once again wisdom of the body turns out to be 
its folly in this special situation.

Chronic Mountain Sickness
Chronic mountain sickness develops slowly and is once again 
due to an aberration in normal physiological responses to high 

altitude. The haemoglobin level keeps rising till it becomes 
so high that the increased viscosity of blood seriously impairs 
blood fl ow through the tissues. The result is that in spite of the 
high haemoglobin level, tissue oxygen supply is poor. Poor 
tissue oxygenation gives rise to excessive tiredness, mental 
fatigue and headache. The high haemoglobin level gives the 
person a pink colour but poor oxygenation makes it quickly 
turn blue on slight physical exertion. Widespread pulmonary 
vasoconstriction in response to hypoxia may lead to pulmonary 
vascular hypertension and eventually right ventricular failure. 
The condition is also known as Monge’s disease. Treatment 
basically consists of return to sea level.

Deterioration
This is the mildest and most common form of maladap tation. 
Even in individuals who get acclimatized to stay at high alti-
tude smoothly, after a few months’ stay there is a gradual loss 
of well-being. The main symptoms of deterioration are lazi-
ness, loss of appetite, weight loss, and loose, greasy stools. 
Deterioration does not occur at altitudes below 16,000 feet. 
The condition takes 2-4 weeks to recover after returning to a 
lower level.

CONCLUSION
At high altitude the air is thin. To make up for it the 
blood gets thick, ventilation increases and circulation improves 
but still some limitations remain. The natives adapt best 
and may wonder what all the fuss the lowlanders are making 
about!

3 Pulmonary blood vessels are unique in responding to hypoxia by vasoconstriction. It normally helps in keeping blood away from poorly ventilated 
alveoli. But if both the lungs are hypoxic all over, this ‘sensible’ response may predispose to pulmonary oedema. Thus the wisdom of the body may turn 
out to be its folly at high altitude.
4 You might question how in lungs, vasoconstriction, and in the brain, vasodilatation can give rise to oedema. A simple logical explanation is that it 
depends on the site of the phenomenon. A postcapillary constriction and a precapillary dilatation can both raise the capillary hydrostatic pressure, and 
thereby lead to oedema. Whether this is a true or complete explanation is not known.
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5.6
Life under High 

Atmospheric Pressure

In this chapter we shall talk about the physiological problems 
associated with an environment which is even more unnatural 
than high attitude and deviates from the ‘normal’ environment 
in the opposite direction. Instead of talking about the height 
above sea level, in this chapter we shall refer to the depth 
below the surface of the sea. Apart from a sense of adventure, 
there are several other motives which might make a man dive 
to dangerous depths. Traditionally, diving has been in pur-
suit of pearls. Now, the ocean bed has been found to be a rich 
source of mineral deposits. Going under the sea in submarines 
is part of naval opertions. Fairly long tunnels have been built 
under the sea for transportation. Cable networks have been laid 
under water for intercontinental communi cation. Finally, sci-
entists belonging to several diverse disciplines may choose to 
study the ocean (oceanography) from their point of view.
 The physiological problems associated with undersea 
exploration may be divided into those faced under the sea, and 
those faced during return to the surface.

PHYSIOLOGICAL PROBLEMS AT DEPTH
Just as the pressure falls at high altitudes the pressure rises at 
the depths. But there are two important differences. First, the 
specifi c gravity of water being much higher than that of air, the 
pressure rises very fast on descent to relatively small depths. 
The pressure exerted by a 10-metre (33-foot) tall column of 
water is equivalent to one atmosphere. Therefore a person only 
10 metres under water is exposed to double the normal atmos-
pheric pressure: one atmosphere due to the 10 metres of water 
and one atmosphere due to more than 10 km of air above that. 
Secondly, at high altitude, a person is still sur rounded by air, 
although at lower pressure. But under the sea, a person is sur-
rounded by water and a special arrangement has to be made to 
supply him air to breathe.
 The physiological problems under the sea may be divided 
into those due to the mechanical effects of high pressure and 
those due to the effect of high pressure on respiratory gases: 
oxygen, carbon dioxide and nitrogen.

Mechanical Effects
Unless shielded by an appropriate suit, at a depth greater than 
30 metres (100 feet) the chest may cave in and the face may 

be damaged. The air in the nasal sinuses and middle ear also 
gets squeezed to a smaller volume, and additional air should 
be diverted from the respired air to fill up these cavities 
adequately.
 One litre of air at the surface of the sea shrinks to only 
about 90 mL at a depth of 100 metres. Therefore enormous vol-
umes of air have to be supplied to maintain the normal tidal 
volume.

Oxygen Supply and Oxygen Toxicity
It is understandable that oxygen has to be supplied to the diver 
to meet his metabolic demands. However, oxygen at high pres-
sure carries the risk of oxygen toxicity. Although the oxygen 
carried by haemoglobin cannot increase much beyond the 
normal level at any PO2, the oxygen carried in the dissolved 
state increases markedly. Suppose air is supplied to the diver at 
10 atmosphere. The normal alveolar PO2 while breathing air at 
one atmosphere pressure is about 100 mm Hg. Assuming that 
it rises proportionately when breathing air at 10 atmosphere, 
the alveolar PO2 would rise to 1000 mm Hg. The amount of 
oxygen dissolved in blood is 0.003 mL/100 blood/mm Hg PO2. 
Therefore, at 1000 mm Hg, the amount of oxygen dissolved in 
the blood would be 3 mL/100 mL. The tissues normally extract 
about 5 mL oxygen from each 100 mL arterial blood. If 3 mL 
is available in the dissolved state, very little would be extracted 
from the haemoglobin. High saturation of haemoglobin with 
oxygen will have two effects. Firstly, it will impair the uptake 
of carbon dioxide from the tissues (Haldane efect, Chapter 4.3). 
Secondly, it corresponds to a high PO2. Hence a high PO2 will 
be sustained, and the tissues will equilibrate at the high PO2. 
High PO2 in the tissues leads to increased formation of free 
radicals. Free radicals oxidize the polyunsaturated fatty acids 
present in the membranes of cells and organelles and also oxi-
dise some intracellular enzymes. The cells most susceptible 
to oxygen toxicity are brain cells. Therefore oxygen toxicity 
manifests as disorientation and dizziness, or even convulsions 
and coma.
 Oxygen toxicity may be prevented by giving the person a 
gas mixture with low oxygen concentration to breathe instead 
of normal air. For example, at a pressure of 10 atmospheres, 
a gas mixture having 2% oxygen will have the same PO2 as 
normal air at 1 atmosphere pressure.
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Carbon Dioxide Build-up
In the absence of an apparatus which absorbs carbon dioxide or 
releases expired carbon dioxide into the atmosphere, a person 
ends up rebreathing the carbon dioxide which he produces. 
As time passes, more and more carbon dioxide is produced. 
Finally, the PCO2 in body fl uids may build up to reach toxic 
levels. The maximum tolerated carbon dioxide build-up is up 
to an alveolar PCO2 of 80 mm Hg. Carbon dioxide build-up 
leads to respiratory acidosis and narcosis.

NITROGEN TOXICITY
As a result of breathing nitrogen, nitrogen dissolves in body 
fl uids and fats. At the normal atmospheric pressure, the dis-
solved nitrogen is inert. At higher pressure, it dissolves grad-
ually into body fl uids, and even more easily into fats. Like 
many other fat soluble substances (e.g. alcohol and anaes-
thetic agents), nitrogen has a depressant action on the nervous 
system. And, like the effect of these substances, the manifesta-
tions of the depression pass through a series of stages depend-
ing on the duration and severity of exposure. The fi rst stage is 
that of depression of the highest and most sensitive functions 
of the brain, i.e. functions concerned with inhibition of crude, 
primitive, aggressive behaviour guided by the basic and baser 
instincts of survival. As a result of removal of this inhibition a 
person becomes jovial, euphoric and aggressive, and loses his 
sense of judgement. In the next stage of inhibition he is drowsy 
and his muscular coordination is poor. As a result, he cannot be 
relied upon to do anything meaningful. In the next stage, he is 
unconscious and insensitive to stimuli (anaesthetized). Finally, 
he is in deep narcosis and near death.
 Nitrogen narcosis occurs only if a person dives deeper 
than 100 metres. Further, since nitrogen is poorly soluble, 
it takes time for nitrogen to dissolve. Therefore very short 
dives also do not result in nitrogen narcosis, no matter how 
deep1.

PHYSIOLOGICAL PROBLEMS OF ASCENT
Ascent from a depth is associated with two related physical 
phenomena. Firstly, body gases occupy a larger volume at the 
lower pressure at the surface of the sea. This phenomenon may 
give rise to air embolism. Secondly, the solubility of gases in 
fl uids is less at lower pressure. This phenomenon may give rise 
to decom pression sickness or ‘bends’.

Air Embolism
The gas in lungs expands due to reduction in pressure. The 
expanded gas may break through alveolar walls and enter pul-
monary blood vessels. Large emboli in pulmonary blood ves-
sels obstruct pulmonary blood fl ow. The manifestations may 
include chest pain, tachypnoea, systemic hypotension and 
hypoxemia. In severe cases, air emboli may travel to the sys-
temic circulation, block the blood fl ow to some vital organ and 
lead to death.

Decompression Sickness
Aerated drinks contain carbon dioxide dissolved under high 
pressure. When a bottle is uncorked the pressure in the bottle is 
suddenly brought down to the atmospheric level. Since the sol-
ubility of gases depends on the pressure, fall in pressure results 
in considerable amount of carbon dioxide escaping from the 
drink as gas bubbles. Something similar happens in body fl uids 
during ascent.
 At the depth additional quantities of gases dissolve in 
body fl uids due to the high pressure. On ascent the additional 
quantities are liberated as gas bubbles. Since nitrogen is the 
gas present in the largest quantity, decom pression sickness is 
largely due to nitrogen. Further, nitrogen is relatively more 
soluble in fats. Therefore considerable amount of nitrogen 
dissolves in body fat during the stay at depth, and it escapes 
on ascent. Nitrogen bubbles block blood vessels, leading to 
ischae mia of the concerned region. The most common symp-
tom of decompression is pain in joints and muscles of arms and 
legs. That is why decompression sickness is also referred to as 
‘bends’.

PREVENTION OF PROBLEMS AT DEPTH AND 
ON ASCENT

Traditionally, pearl and sponge divers have been diving to a 
depth of up to 20 metres without any equipment and without 
getting any problem. The reason is the short duration of the 
dive. They take a few rapid and deep breaths before diving, 
which washes off carbon dioxide. Thus carbon dioxide build 
up is avoided. Nitrogen does not get enough time to dissolve 
in the body fl uids. And, there is no question of oxygen toxic-
ity because the divers hold their breath during the dive. For a 
short dive less than 20 metres deep, the strategy adopted by the 
divers is the simplest and best.
 For deeper and longer dives, there are three major 
preventives:

1. Breathing Apparatus
The apparatus not only delivers gas to breathe, it also either 
absorbs carbon dioxide (closed circuit apparatus) or releases 
carbon dioxide as bubbles into the surround ings (open circuit 
apparatus).

2. Helium
The breathing mixture should have helium instead of nitro-
gen, and the concentration of oxygen should be reduced. Low 
oxygen concentration avoids oxygen toxicity as mentioned ear-
lier. The advantages of helium are:
a. Being a small molecule, its density is low. Hence it is easier 

to breathe and it diffuses faster than nitrogen. Therefore its 
bubbles are easier to eliminate from the body.

b. Its solubility in body fl uids is less than half that of nitrogen. 
Hence the amount trapped in the body under high pressure 
is reduced.

1 You might have observed that the most prominent symptoms of toxicity of oxygen, carbon dioxide as well as nitrogen are those originating in the nerv-
ous system. That is because the cells of the nervous system are the most highly specialized in the body, and are like all high-performance entities the 
most sensitive as well.
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c. It is less toxic than nitrogen. Its narcotic effect is only one-
fi fth that of nitrogen.

3. Slow Ascent or Decompression Tank
Ascent in small steps ensures that only a small amount of bub-
bles are formed at a time. They are eliminated from the body 
before further ascent.
 Based on the same principle, one may use a simulation 
device (decompression tank). The ascent is rapid but the person 
is put in the decompression tank at high pressure. The pressure 
is then reduced slowly in small steps.
 The schedule of decompression depends on the depth 
and duration of the dive. For a dive of about 30 metres of 
less than 30 min duration, no decompression is required. 
But only 60 minutes at a depth of 60 metres or 20 min-
utes at a depth of 100 metres requires about 3 hours of 
decompression.

SCUBA DIVING
SCUBA (Self-contained underwater breathing appara tus) 
is a compact arrangement for breathing which the diver can 
carry with him under the water. Its basic principle is to carry 
compressed air so that fi rst, more air can be carried in less 
volume, and secondly, the gas amounts to a substantial quan-
tity even when the ambient pressure is high. The cylinders of 
compressed air are connected to a mask and tube assembly for 
breathing through a valve. The valve ensures that whenever 
the diver makes an inspiratory effort, an appropriate quantity 
of compressed air will be delivered to him. When the diver 
breathes out, the valve ensures that the expired air is released 
into the water (outside the apparatus). The duration for which 
a diver can survive on the SCUBA air depends on the depth. 
A given amount of gas gets compressed to a smaller volume 
in the lungs at a greater depth, and therefore lasts a shorter 
duration.

CONCLUSION

Man is a homeothermic animal, and is therefore able to regu-
late the body temperature in a wide range of ambient tempera-
tures. In extremes of temperatures, man has to stretch his regu-
latory abilities for survival, but the challenge is well within the 
scope of normal physiological mechanisms. At high altitude, 
the hypoxic challenge is too prolonged to be considered strictly 
within the scope of normal regulatory mechanisms. But quali-
tatively, the body is able to understand the challenge, and gen-
erally adjusts to it admirably well. However, the environment 
under the sea is entirely unnatural. The body is not built for it. 
Hence the body is able to tolerate it, but cannot adjust to it. The 
limits of tolerance can be improved with the aid of technology. 
But the body cannot achieve homeostasis under high pressure 
through physiological regulatory mechanisms.

QUESTIONS AND PROBLEMS
1. What is the pressure at a depth of 100 metres under water?
2. If the effects of alcohol and nitrogen are similar to those of 

anaesthetic agents, why cannot these be used for inducing 
anaesthesia?

ANSWERS AND SOLUTIONS
1. The pressure exerted by a 10 metre column of water is 1 

atmosphere. Therefore the pressure exerted by 100 metres 
of water is 10 atmospheres. In addition, the pressure of 1 
atmosphere due to the atmospheric pressure also continues 
to be exerted at the depth. Hence the pressure at a depth of 
100 metres under water is 10 + 1 = 11 atmospheres.

2. There is one important difference. In case of alcohol and 
nitrogen, the dose which induces anaesthesia is only slightly 
lower than that which induces coma and death. But in case 
of anaesthetic agents, the dose which induces anaesthesia is 
much lower than the lethal dose. Hence the margin of safety 
is much higher in case of anaesthetic agents.
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Unicellular organisms collect their nourishment from their 
immediate environment by simple processes such as diffusion, 
phagocytosis and pinocytosis. Multicellular organisms retain 
a link with the past in that each of their cells is surrounded by 
a small quantity of fl uid resemb ling closely sea water in its 
composition. The nutrients enter the cells from this ‘private 
sea’ by diffusion. However, the small quantity of this fl uid, 
the interstitial fl uid, can have only a small quantity of food 
making continual replenishment with nutrients essential. This 
is made possible by diffusion of nutrients from blood into the 
interstitial fl uid. Blood always seems to have nutrients avail-
able for transfer because it is in constant motion. But it is obvi-
ous that ultimately the nutrients should be replenished from the 
external environment. This happens periodically when blood 
passes through the gastrointestinal tract. The gastrointestinal 
tract is, however, more than a conduit for transfer of nutrients 
from the external environment to the blood. The form in which 
nutrients enter the gut is quite different from that in which 
they are suitable for entering the body. The gut carries out the 
necessary transformations before transferring nutrients to the 
bloodstream.

FUNCTIONS OF THE GUT
The basic chemical units of our food and our tissues are the 
same. In spite of this, our food looks so different from the tis-
sues it is destined to form because the units are arranged very 
differently in the two situations. The situation is comparable 
to the building blocks with which children play. A child may 
arrange the blocks in so many different ways to get vastly dif-
ferent looking structures. In order to achieve rearrangement of 
the building blocks of our food, it is fi rst necessary to break the 
food mole cules into their basic constituents. Another reason 
why this splitting into basic constituents is essential is that sev-
eral of the complex food molecules would evoke an immune 
response if they were allowed direct access to the circulation. 

Finally, the gastrointestinal tract is so made that it allows the 
transfer of only specifi c molecules below a certain size to enter 
the circulation; if it were not so, several harmful substances 
would also reach the bloodstream. This process of breaking 
down complex food molecules into their basic constituent mol-
ecules is known as digestion. The next event in the gut is the 
transfer of the simple molecules resulting from digestion to the 
bloodstream. This process is called absorption.1 Absorption 
is a vital step. The gastrointestinal tract may be considered a 
hollow tube running through the body. Whatever is in this tube 
is essentially outside the body, although it appears to be inside 
it (Fig. 6.1.1). The con tents of the tube may be considered truly 
inside the body only after absorption (Fig. 6.1.2). The next step 
after absor p tion is the utilization or assimilation of absorbed 
food. It may be used to provide energy, or may be stored as an 
energy-rich compound depending upon the nature of the nutri-
ent and the requirements of the body (Fig. 6.1.3).
 The two most signifi cant processes that take place in the 
gastrointestinal tract are digestion and absorption. The two 
most signifi cant functions that make these processes possi-
ble are secretion and motility. The most prominent constitu-
ents of the secretions acting in the gut are enzy mes which 
break down complex food molecules into their simpler con-
stituents. Some of these enzymes are synthe sized by cells 
present in the gastrointestinal mucosa, others are brought to 
the gastrointestinal tract from the pancreas; a few of doubtful 
signifi cance may be provided by the bacteria residing in the 
gut. While the importance of secretion for digestion is quite 
obvious, that of motility is not. But a little refl ection would 
reveal that digestion and absorption would not be possible 
unless the food were propelled from one part of the gut to the 
next. The propulsion should be slow enough to allow time for 
digestion and absorption, and yet it should be fast enough to 
prevent unnecessary stagnation in any region. Besides, move-
ment is also required for mixing the contents with secretions to 
improve the effi ciency of digestive enzymes. The importance 

1 Almost all nutrients are transferred directly to the bloodstream. The exception are fatty acids with a chain length longer than 10-carbon atoms, which 
are initially absorbed into the lymphatics. But eventually lymph also returns to the blood circulation. These aspects have been discussed in some detail 
in the subsequent chapters.

6.1
Getting Introduced

to the Gut
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the gut—secretion and motility—take place simultaneously, 
have to be coordi nated with each other, and correspondingly 
share common regulatory mecha nisms. Thus dividing gut 
functions into secretion and motility is arbitrary. The general 
approach in this section would be to trace the journey of food 
from the mouth to the anal canal, and to study the events in 
each region. The secretory functions and motility would not 
be artifi cially segregated into separate chapters. However, for 
convenience, some chapters would deal with specifi c details 
of motility or secretion. But the story of food’s journey 
through the gut would unfold itself without any major gap by 
following just the chapters concerned with various regions of 
the gut. The best way to make one’s way through the section 
would be to treat it as an adventure to be shared with food, 
to learn what we know about it, and also to discover the large 
number of un answered questions awaiting further scientifi c 
explora tion.

QUESTIONS AND PROBLEMS
1. What are the contributions of the gastrointestinal tract to 

homeostasis?
2. The analogy between children playing with building blocks 

and the process of digestion given in this chapter is only 
superfi cially valid. What are the fl aws in the analogy?

3. Food may be considered to have entered the body when it 
has been:

 A. swallowed B. digested
 C. absorbed D. assimilated

Fig. 6.1.1: The alimentary canal is essentially a tube passing through 
the body. The food that is ingested (1) is not really inside the body 
unless it is absorbed (2). Whatever is not absorbed is eventually lost 
in faeces (3), and is hence lost to the body.
(Reproduced from Bijlani RL. Eating Scientifi cally, New Delhi: Orient 
Longman, 1974, Fig. 6, p. 22).

Fig. 6.1.2: Absorption. During absorption, food enters the blood 
coming to the intestine and leaves with the blood leaving the intestine. 
Once absorbed into the bloodstream, food circulates all over the body, 
and is used as and when required.
(Reproduced from Bijlani RL. Eating Scientifi cally, New Delhi: Orient 
Longman, 1974, Fig. 7, p.24).

of motility may be realised from the fact that the paralysis 
of the intestines creates an emergency of the same type and 
severity as intestinal obstruction. The two major functions of 

Fig. 6.1.3: Digestion, absorption and assimilation. Here the three 
pro cesses have been illustrated diagrammatically using protein as 
an example. The processes are broadly similar for other nutrients. 
Dur ing digestion, the nutrient molecules are broken down into 
component molecules. During absorption, the component molecules 
cross the intestinal mucosa to enter the bloodstream. The absorbed 
products are assimilated or utilised as building material, as shown 
here, or as fuel.
(Reproduced from Bijlani RL. Eating Scientifi cally, New Delhi: Orient 
Longman, 1974, Fig. 8, p. 26).
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4. Enzymes which possibly make some contribution to the 
process of digestion are secreted by all of the following 
except:

 A. gastrointestinal mucosa B. liver
 C. pancreas D. bacterial fl ora of the gut

ANSWERS AND SOLUTIONS

3. C
4. B
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6.2
Structural Basis of 

Gastrointestinal Function

In biology, structure is admirably suited to function. This prin-
ciple is so universal that function may often be deduced quite 
correctly from the structure. Therefore some knowledge of 
anatomy is essential for under standing physiology. Some gen-
eral features of gastro intestinal structure have been considered 
here; many more references to morphological characteristics 
will be made at suitable points in subsequent chapters.
 The alimentary tract is a long and complex tube starting at 
the mouth and extending upto the anus (Fig. 6.2.1). The gross, 
microscopic and cellular structure varies along the length of 
the gut in keeping with the function of a particular region. 
For example, it is lined with tall columnar epithelium except 
in the mouth, oesophagus and anus. In the exceptions, protec-
tion from excoriation by food or dry faecal matter is the main 
requirement. Accordingly the lining is made up of the tough 
and multi-layered stratifi ed squamous epithelium, which is fur-
ther keratinised at the anus and in those parts of the oral cavity 
where the forces of mastication make the greatest impact. 
Besides the epithelium there are other distinctive features 
which demarcate one region of the gut from another. All these 
features have a rationale in terms of the function performed by 
a region. For example, the stomach has a thick muscle layer 
which enables it to churn the food well; the duodenum has 
mucus-secreting Brunner’s glands which help it stand the acid 
which comes to it from the stomach; the jejunum and ileum 
have an enormous mucosal surface area for effi cient absorp-
tion; and the colon has a thick muscu lature for propelling the 
relatively solid contents. Notwithstanding these regional vari-
ations, there is, however, a typical plan on which the entire 
gastro intestinal (GI) tract is constructed, and that plan has been 
illustrated by a cross-section in Figure 6.2.2.
 The two most important functions of the gut are diges-
tion and absorption. The cellular features which enable the 
gut to perform these functions will be illus trated by describ-
ing in some detail a mucosal epithelial cell from the small 
intestine which synthesizes some enzymes for digestion and 
also absorbs nutrients. The ultra structure of a typical absorp-
tive cell from the muco sal epithelium of small intestine has 
been shown in Figure 6.2.3. It is a tall columnar cell bounded 
by a highly specia lized apical (luminal) membrane, and a dif-
ferent, not so distinctive, basolateral membrane. The luminal 
memb rane shows a well-developed surface coat, or glycoca-
lyx. Glycocalyx is the medium through which nutrients have 

Fig. 6.2.1: The alimentary tract. (Reproduced from Bijlani RL. Eating 
Scientifi cally, New Delhi: Orient Longman, 1974, Fig. 5, p.21).

Fig. 6.2.2: Typical structural plan of the gastrointestinal tract.

to pass prior to absorption. It also contains at varying distance 
from the surface, enzymes for the fi nal digestion of carbohy-
drates and proteins. Underlying the glyco calyx are closely 
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packed microvilli. Microvilli have three important functions, 
for each of which there is a struc tural counterpart. Firstly, they 
increase the surface area by virtue of their being thin fi nger-
like projections. Secon dly, they provide the seat for attach-
ment of enzymes for the terminal digestion of carbohydrates 
and proteins. Accordingly, the microvillar membrane shows 
an unusually high protein to lipid ratio, and also the presence 
of intramembrane particles (IMP). IMP presum ably represent 
intramembrane proteins with the func tional properties of diges-
tive enzymes. IMP are far more numerous on the protoplas-
mic side than on the external or luminal side of the microvillar 
membrane. Thirdly, and fi nally, contractile motion of micro-
villi possibly provides a stirring mechanism whereby luminal 
contents in contact with the microvillar surface are continu-
ally renewed. The structural counterparts of this function are 
the fi lamentous proteins in the cytoplasmic core of micro-
villi. These proteins are very similar to actin. In addition, at 
the base of the microvilli, in the region of the terminal web, 
several other contractile proteins, such as myosin, tropomy-
osin and alpha-actinin, have been identifi ed. It has also been 
shown that the microvillus core bundle contracts in the pres-
ence of calcium and ATP. Thus structural, functional and bio-
chemical studies are all consistent with the postulated role of 
microvilli in providing a mechanism for stirring the luminal 
contents.
 The basolateral membrane of absorptive cells is more 
similar to the typical lipoprotein membrane in other cells of 

the body. However, it also shows many fold-like cytoplasmic 
processes which amplify the lateral surface of absorptive cells. 
The lateral surfaces, of adjacent cells are in intimate contact in 
the quiescent state. However, when fl uid absorption is taking 
place, the intercellular space is widened up to 3 microns.
 The nucleus of an absorptive cell is located towards its 
base. The nucleus is enclosed in a double-membrane envelope. 
The cytoplasmic surface of the outer memb rane is studded with 
ribosomes. The cytoplasm also shows a substantial presence 
of ribosome-bearing rough endoplasmic reticulum (RER) and 
collections of free ribosomes (polysomes). All these features 
suggest extensive protein synthesis. The cytoplasm also shows 
structures required for storage and transport of newly synthe-
sized proteins, namely smooth endoplasmic reticulum (SER) 
and Golgi material. Material to be transported out of the cell 
is fi rst packed in vesicles derived from SER. These vesicles 
are transported to the Golgi complex, where they fuse with 
Golgi cisterns and vacuoles. Golgi vacuoles migrate to the cell 
boundary, where the vacuolar membrane fuses with the plasma 
membrane. The contents of the vacuole are then discharged to 
the exterior by exocytosis.
 A cell which is engaged in intensive digestive as well as 
absorptive activity like the intestinal cell described above has 
got to be metabolically very active. The structural counterpart 
of this aspect is the large number of mitochondria present in 
the cell. Thus the structure of the intestinal cell is admirably 
suited for its functions1.

Fig. 6.2.3: Diagrammatic representation of an intestinal absorptive cell. Small portions of two adjacent cells, one on either side, have also 
been shown to illustrate the relations between neighboring cells.

1 It will be an instructive exercise to compare and contrast the structural and functional features of the intestinal cell with those of other cells which are 
active in protein synthesis, e.g. the pancreatic acinar cells; absorption, e.g. the colonic mucosal cells or renal tubular cells; or are metabolically very 
active, e.g. the liver cells.

6.2.indd   2976.2.indd   297 8/23/2010   12:25:24 PM8/23/2010   12:25:24 PM



SE
C

T
IO

N
 6

: 
D

ig
es

ti
o
n

298

BLOOD SUPPLY

Blood serves three functions in the gastrointestinal tract. First, 
it supplies oxygen and nutrients to the gut itself, and drains 
waste metabolites from it. This is the function that blood per-
forms everywhere in the body. The second function, peculiar to 
the blood fl owing through glandular structures, is to serve as a 
source of fl uids secreted by the gut. The third function, peculiar 
to the blood fl owing through the gut, is to carry the absorbed 
nutrients. The volume of fl uid secreted and absorbed by the gut 
in a day is about double the blood volume. This is indeed a 
large turnover; hence the blood supply to the gut is far greater 
than that required to meet its oxygen needs. Further, since the 
magnitude of secretion and absorption varies in relation to the 
meals, blood supply to the gut also fl uctuates rather widely. 
Finally, since it is the mucosa which performs the secretory and 
absorptive function, its blood fl ow is higher and shows greater 
variation than the fl ow through the smooth muscle layer. In 
this introductory paragraph, facts have been presented as if the 
blood vessels know where and when to supply less or more 
blood.2 In fact, appropriate blood fl ow is achieved by means of 
an intricate anatomical arrangement and a series of physiologi-
cal control mechanisms discussed further.
Anatomical Arrangements
The gastrointestinal tract and associated structures receive 
their blood supply from three branches of the aorta: the coeliac 
axis sends arteries to the liver, stomach and spleen; the supe-
rior mesenteric artery supplies the pancreas, small intestine 
and a part of the large intestine; the inferior mesenteric artery 

supplies the remaining part of the large intestine. Among the 
three, superior mesenteric artery occupies a unique position not 
only because it supplies the bulk of the region where absorp-
tion takes place, but also because, functionally, it is an end 
artery while the other two have considerable collateral connec-
tions. All the blood that leaves the GI tract, pancreas and spleen 
is drained by the portal vein which carries it to the liver. Thus 
the vascular con nections connect the liver with the GI tract in 
series as well as parallel (Fig. 6.2.4). The series connection 
implies that increased GI blood fl ow would directly increase 
hepatic blood fl ow (portal), and also that everything that the 
blood brings from the gut will be sampled by the liver before 
being released into the general circulation. The parallel con-
nection implies that increased GI blood fl ow would indirectly 
tend to decrease hepatic blood fl ow (arterial).
 The arteries supplying the stomach or intestine penetrate 
the wall and give arteriolar branches which are distributed to 
different layers of the hollow organs in an essentially parallel 
arrangement (Fig. 6.2.5). Thus the blood fl ow through different 
layers may be altered independently. The arteriolar section is 
responsible for bulk of the resistance offered to blood fl ow. The 
precapillary sphincters do not offer much resistance but deter-
mine the number of patent capillaries. Most of the capillaries 
are closed most of the time. If all the capillaries were to open 
up, the splanchnic blood fl ow would be about 5 L/min. But 
such an enormous blood fl ow is never achieved because fol-
lowing a meal, the capillary beds in different regions of the gut 
open up sequentially rather than simultaneously. The capillary 
section provides for exchange of nutrients and metabolites, and 

2 It is always tempting for a student of life processes to talk of a structure or mechanism in terms of its utility. This approach is spoken of as teleology. 
Teleology is not only interesting, it is also useful. Many physiological mechanisms may be correctly predicted by reasoning out the course of action 
that would be most benefi cial to the organism. However, it is important not to confuse the utility with the mechanism itself. For example, to the ques-
tion “Why does the mucosa have a higher blood fl ow than the muscularis?”, two answers are possible. One answer is “Because the mucosa has higher 
metabolic requirements”. The other answer is “Because it has a higher density of patent capillaries”. The former is a teleological answer: it tells only the 
utility of the arrangement. Confusing it with the mechanism would imply that the blood fl ow ‘knows’ what the metabolic requirements of a region are. 
The latter is a mechanistic answer: it tells the mechanism underlying the phenomenon. In the world of science, mechanistic answers carry more prestige 
than teleological answers.

Fig. 6.2.4: Hepatic artery is arranged in parallel with blood vessels supplying the gut. The other source of blood supply to the liver, the portal 
vein, is in series with blood vessels supplying the gut. RA, right atrium; LV, left ventricles; HA, hepatic artery; PV, portal vein; HV, hepatic 
vein; VC, vena cava; 1, 2, 3, peripheral resistance offered by branches of hepatic artery, portal vein and other systemic arteries respectively.
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for transfer of substances to be secreted or absorbed. The venu-
lar section serves the function of capacitance. During exercise, 
venular constriction may release upto 1 litre of blood from the 
splanchnic into the general circulation.
 Although arteriovenous shunts exist in the GI tract, 
they are so few that they are thought to be of no functional 
signifi cance. Of perhaps greater functional relevance is physi-
ological shunting. Sympathetic stimulation diverts blood fl ow 
from the metabolically active mucosa to the relatively inactive 
muscle layer. This results in lower oxygen extraction from the 
arterial blood, resulting in a higher venous oxygen tension. 
The effect of the redistribution, therefore, is the same as that 
of the shunting of some arterial blood directly into the venous 
blood.
 One interesting feature of the anatomical arrangement of 
intestinal microcirculation is that the main arteriole in the core 
of the villus is extremely close to the venules, and the blood 
fl ows in these two sections in opposite directions. This creates 
one of the conditions for the existence of a counter-current 
mechanism analogous to that seen in the renal medulla. The 
other condition for the operation of a countercurrent mecha-
nism is the difference in the concentration of some solutes in 
the two adjacent limbs in which blood is fl owing in opposite 
directions. This second condition also exists for a large number 
of substances in the intestine. Therefore, a counter  current 
mechanism has been proposed in the intestinal villi, which may 
be illustrated by considering the case of sodium (Na) and water 
absorption.
 Let us consider a villus at rest, i.e. not engaged in absorp-
tive activity (Fig. 6.2.6). The blood entering as well as leav-
ing the villus has a Na concentration of 300 mOsmol. Now let 
us assume that the villus starts absorbing Na but no counter-
current mechanism exists. The Na concentration rises to 600 
mOsmol in the venous blood (Fig. 6.2.6). Now let us consider 
an absorbing villus with a countercurrent mechanism. The 
higher concen tration of Na in the venous limb (or, in other 
words, the higher concentration of water in the arterial limb) 
promotes osmotic transfer of water from the arterial limb to 
the venous limb. As a consequence, the concentration of Na 
that reaches the villus tip is raised, and it rises still further 
as a result of Na absorption from the lumen. But by the time 
blood leaves the villus, Na concentration falls to a level of 325 
mOsmol, i.e. only slightly higher than that entering the villus. 
Further, the extremely high Na concentration at the villus tip 

(which may reach upto 1200 mOsmol) attracts water from the 
lumen, which further contributes to keeping a concentration in 
the venous stream low. Thus the functional consequences of 
the countercurrent multiplier system are two-fold:
i. absorption of solutes (Na in the above discussion) does not 

result in a sudden infl ux into the bloodstream, which is met-
abolically prudent, and

ii. absorption of water takes place economically. If there were 
no countercurrent mechanism, the osmotic pull for water 
absorption would be exerted by only 600 mOsmol concen-
tration of Na (Fig. 6.2.6). The countercurrent mechanism 
makes this pull stronger by raising the concentration of Na 
up to 1200 mOsmol. Thus the amount of water absorbed is 
far greater than can be accounted for by the pull generated 
by the amount of absorbed solutes. That is what makes it 
possible for the intestine to absorb 8 litres of water every-
day with minimal expenditure of energy.

 Another functional consequence of the countercurrent 
mechanism, which cannot be exactly called a benefi t, results 
from the higher PO2 in the arterial than in the venous stream. 
This results in the shunting of some oxygen to the venous 
stream without its passing through the capillaries. Therefore, 
the PO2 at villus tips is rather low, and this may be one of the 
reasons for the normally rapid turnover of epithelial cells at the 
villus tip. It is easy to understand that the countercurrent mech-
anism would become more effective if the rate of blood fl ow 
slows down. Hence, in ischaemic states in which blood fl ow 
may be sluggish, the low PO2 at the villus tips may become 
still lower thereby generating the ischaemia.

Factors Controlling GI Blood Flow
Besides the general circulatory factors such as cardiac output 
and blood pressure which affect blood fl ow anywhere in the 

Fig. 6.2.5: Blood vessels to different layers of the gut are arranged 
in parallel. Hence blood fl ow through different layers may be altered 
independently.

Fig. 6.2.6: Implications of the countercurrent blood fl ow. (A-B) In the 
absence of countercurrent blood fl ow, sodium absorption raises the 
osmolarity of the venous effl uent to 600 mOsmol. (C) Initially, sodium 
absorption raises the osmolarity of the venous effl uent. However, in 
case of the countercurrent system, this is only a theoretical stage 
which helps in understanding the fi nal result. As shown in the fi gure 
venous limb draws water osmotically from the lumen as well as the 
arterial limb. (D) As a result of osmosis explained in C, the osmolarity 
of fl uid at the venous tip is increased still further. However, the fi nal 
concentration of sodium in the venous effl uent is only slightly higher 
than in the arterial blood. a, arteriole; v, venule.
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body, GI blood fl ow is regulated by specifi c neurohumoral and 
local factors.

Neural Factors
The secretory and motor activities of the gut are affected by 
autonomic nerves—both sympathetic and para sympathetic. 
These could secondarily affect blood fl ow (Fig. 6.2.7). Increase 
in secretory activity may be accompanied by release of a 
vasodilator substance, as happens in salivary glands. Increase 
in motor activity may squeeze blood vessels, thereby impeding 
blood fl ow. Besides, increase in secretory and motor activity 
would increase metabolic activity, thereby releasing metabo-
lites which in turn may cause vasodilation.
 In addition to this indirect infl uence of autonomic nerves, 
the blood fl ow is also affected by sympathetic vasoconstrictor 
fi bres which accompany blood vessels and supply the blood 
vessels. These nerve fi bres increase precapillary as well as 
postcapillary resistance. Increase in precapillary resistance 
reduces blood fl ow but the effect is short-lived. The ‘escape’, 
seen within 1 to 2 min, seems to be due to several reasons:
i. GI blood vessels also have beta-adrenergic receptors which 

mediate vasodilation,
ii. Local hypoxia releases vasodilator metabolites, and
iii. There is a redistribution of fl ow within the layers of the gut, 

the fl ow being diverted from the superfi cial to the deeper 
layers of the mucosa, or from the mucosa to the muscularis.

 Increase in postcapillary resistance affects the capacitance 
vessels. It is a homeostatic mechanism for releasing additional 
blood into the general circulation in times of need.
 There is no evidence for parasympathetic fi bres directly 
supplying the GI blood vessels.

Humoral Factors
Several circulating substances are capable of infl uencing blood 
fl ow through the gut. Agents with a vaso constric tor effect are 
vasopressin, catecholamines and angio tensin, while those with 
a vasodilator effect are glucagon, cholecystokinin and gastrin. 
The last two substances are gut hormones and will be discussed 
in some detail in a subsequent chapter.

Local Factors
Various substances formed in the gut as a result of metabolism, 
or in the course of its specifi c functions, have a local effect on 
blood vessels. These substances are generally vasodilator in 
nature, and include carbon dioxide, hydrogen ions, adenosine, 
some prostaglandins and histamine.
 In summary, the GI blood fl ow is a substantial fraction 
of the cardiac output. It shows marked variation parallel with 
variations in the level of digestive activity. The fl uctuations 
are made possible by a series of neuro humoral controls which 
are at least partly linked with the factors that control digestive 
activity.

INNERVATION
The gastrointestinal tract is lined almost entirely by smooth 
muscle which responds to stretch by contraction. This response 
is completely independent of any neural activity. While it is a 

‘sensible’ response, it is not enough to regulate GI function. 
Neural infl uences on the gut operate at various levels, and 
together with endocrine regulatory mechanisms, determine its 
motor and secretory activity. The major neural elements affect-
ing GI activity are:
1. Enteric nervous system
2. Afferent nerves
3. Efferent nerves
 i. parasympathetic
 ii. sympathetic

Enteric Nervous System
The neuronal organization within the GI tract had been 
observed by early neuroanatomists, Leopold Auerbach (1828-
1897) and George Meissner (1829-1905), and parts of it are 
still known by their names. The intrinsic neuronal organi-
zation of the gut has now been named the enteric nervous 
system because it contains all the components of a refl ex arc, 
viz. sensory neurons, processing units (internuncial neurons), 
and effector neurons (Fig. 6.2.8). The enteric nervous system 
ensures that the gut responds to mechanical or chemical stimuli 
present in the lumen. The interconnections between different 
segments of the gut further lend coordination and purposive-
ness to the functioning of the long GI tract. The contraction 
in one region is associated with relaxation in the immediately 
distal region, thereby resulting in propulsion of the luminal 
contents. The intrinsic neurons of the gut are many times more 
than its extrinsic nerve fi bres. In fact, the number of neurons in 
the gut exceeds those in the spinal cord. The intramural neural 
elements make the gut fairly self-suffi cient; there is no serious 
long-lasting abnormality demonstrable in the GI tract deprived 
of extrinsic nerves. In recent years, the intrinsic nerves have 
excited enormous interest because they have been shown to 
release a large variety of neurotransmitters, viz. acetylcholine, 
catecholamines, serotonin, ATP, gamma-amino-butyric acid 
(GABA), vasoactive intestinal peptide (VIP), somatostatin, 

Fig. 6.2.7: Diagrammatic representatioan of parasympathetic 
(continuous lines) and sympathetic (dotted lines) innervation of the 
gastrointestinal tract. S 2-4, second through fourth sacral segments of 
the spinal cord; T 5-11, fi fth through eleventh thoracic segments of the 
spinal cord; T12-L3, twelfth thoracic through third lumbar segments 
of the spinal cord; CG, celiac ganglion; SMG, superior mesenteric 
ganglion; IMG, inferior mesenteric ganglion.
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neurotensin, bombesin, enkephalins and substance P. Enteric 
neurons containing gastrin, CCK and pancreatic polypep-
tide have also been identifi ed. The classical hypothesis of Sir 
Henry Dale, i.e. a given neuron releases only one neurotrans-
mitter is also no longer tenable; a single neuron may release 
more than one neurotransmitter. Knowing that the biological 
response to a neurotransmitter depends not only on the neuro-
transmitter but also on the receptors present in the target tissue 
and the background generated by the other neurohumoral 
substances, the complexity of control provided by the enteric 
nervous system may well be imagined. Although the discrete 
role of every chemical released by enteric neurons is yet to be 
worked out, there are some interesting facts already available. 
For example, VIPergic effector neurons are aborally oriented, 
while those releasing substance P extend towards the oral end. 
Since VIP causes relaxation and substance P causes contraction 
of intestinal smooth muscle, the neuronal arrangement might 
explain the receptive relaxation which is a vital component of 
peristalsis.

Afferent Nerves
Some free nerve endings, which are a part of the enteric nerv-
ous system, can sense chemical or mechanical changes in 
the lumen. These changes are conveyed to the submucosal 
(Meissner’s) plexus neurons resulting in a local refl ex (Fig. 
6.2.8). But these cannot be considered afferent nerves in the 
classical sense because they do not convey information to the 
central nervous system. The GI tract is also endowed with true 
afferent nerves which transmit information to the central nerv-
ous system. The endings of these nerves are sensitive to stretch 

and the chemical composition or osmotic pressure of luminal 
contents. These nerve fi bres mediate true refl exes.3 There are 
also nerve endings sensitive to noxious stimuli in the mesen-
tery, pancreas and capsule of the liver, which convey the sen-
sation of pain. Many of the afferent fi bres travel in the vagus 
nerve4; others go to dorsal roots of the spinal cord.

Efferent Nerves
The efferent nerve endings travelling to the gut are a part of the 
autonomic nervous system. They modulate rather than initiate 
GI activity. The activities infl uenced by efferent nerves are (a) 
motility, (b) exocrine secretion, and (c) endocrine secretion.
 The parasympathetic nerve supplying most of the GI tract 
is the vagus nerve. The left half of transverse colon, descend-
ing colon, rectum and anal canal are, however, supplied by the 
sacral parasympathetic outfl ow. The sympathetic nerves of the 
gut originate in the fi fth thoracic through second lumbar seg-
ments of the spinal cord. The postganglionic sympathetic fi bres 
travel to the gut in splanchnic nerves which run in close contact 
with blood vessels.
 In general, parasympathetic stimulation increases GI 
motility and secretion. However, the response is fairly clearly 
restricted to a region of the gut, and is purpose-oriented. For 
example, parasympathetic activity brings about contraction of 
the anal canal but relaxes the internal anal sphincter, thereby 
creating the right pattern for defecation. Sympathetic activ-
ity generally inhibits GI smooth muscle activity except in the 
sphincters and blood vessels where it has a stimulatory effect. 
Secretions are not markedly affected by sympathetic activ-
ity directly, but may be decreased secondarily in response to 
decreased blood fl ow brought by sympathetic stimulation. As 
elsewhere, sympathetic activity is protective in nature, and 
does its best for the body by paralysing the intestine whenever 
there are adverse conditions in the GI tract or outside it (as in 
peritonitis).
 However, as mentioned earlier, parasympathetic and sym-
pathetic nerves only modulate the intrinsic activity of the gut. 
By virtue of having (a) smooth muscle which directly responds 
to stretch, (b) intrinsic neuronal circuits which put the muscle 
and glands in touch with the lumen, and also establish a com-
munication between different segments of the gut, and (c) the 
gut hormones, the GI tract is capable of coordinated and pur-
poseful activity even when deprived of extrinsic nerves.

Interaction Between Enteric Nervous System and 
Autonomic Nervous System
The self-contained enteric nervous system and the autonomic 
nerves to the GI tract are not entirely independent of each 
other. The postganglionic sympa thetic and parasympathetic 
nerve fi bres terminate not only on the effectors (smooth muscle 
or gland cells) but also on neurons in the myenteric and submu-
cous plexuses. Thus part of the autonomic outfl ow to the gut is 
mediated by the same neurons which convey the output of the 
enteric nervous system.

Fig. 6.2.8: Simplifi ed view of the neural organization in the gut. 
There is an intrinsic network consisting of the Meissner’s and 
Auerbach’s plexuses, on which is superimposed control from the 
central nervous system (CNS). In addition, central neural refl exes 
affect gastrointestinal function directly as well.

3A classical refl ex is an involuntary and invariable response to a stimulus involving a region of the central nervous system below the cerebral cortex. 
Besides refl exes which conform to this defi nition, the gut also shows several responses which are programmed not in the central nervous system. These 
responses may be called local refl exes to distinguish them for the classical, or ‘true’ refl exes.
4Eighty percent of nerve fi bres in the vagus are afferent fi bres.
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Higher Neural Infl uences
The brainstem and spinal cord autonomic output is modulated 
by higher infl uences, particularly from the limbic system, but 
to some extent also from the cerebral cortex. The autonomic 
nerves supplying the gut are no exception to this higher con-
trol. That is why GI activity is frequently affected by emotional 
factors.
 Thus in spite of several components, the neural control of 
GI activity acquires an integrated character. The primitive reg-
ulatory ability of smooth muscle is strengthened by the intrin-
sic enteric nervous system to such an extent that no other regu-
latory mechanism is an absolute necessity. However, for a fi ner 
control, and for better integration with the functioning of the 
rest of the body, autonomic nerves have been provided, which 
act partly independently and partly through the enteric nervous 
system. The autonomic nerves, in turn, are affected by higher 
regions of the central nervous system. Thus the neural mod-
ulation of gastrointestinal activity is based on the integrated 
output of local and general neural activity.

QUESTIONS AND PROBLEMS
1. Name the structural features of an intestinal mucosal epi-

thelial cell which suggest that it:
  a. synthesizes proteins on a large scale
  b. absorbs nutrients, and
  c. is metabolically very active.
2. Blood fl owing through the gut not only supplies nutrients to 

and drains waste products from it but also helps carry the 
absorbed nutrients. Name three more regions in the body 
where blood fl ow has a unique function besides its universal 
metabolic functions.

3. Some authors have used the term ‘visceral brain’ to describe 
the enteric nervous system. Discuss critically how far the 
term is justifi ed.

4. What is the neural basis for the effect a barking dog has on 
the gastrointestinal function of a cat?

5. Kratinised squamous epithelium lines the:
 A. hard palate B. soft palate
 C. oesophagus D. rectum

6. Stomach has:
 A. a thick muscular coat B. Brunner’s glands
 C. Both A and B D. Neither A nor B
 7. Microvilli:
 A. increase the absorptive surface area
 B. possess digestive enzymes
 C. show contractile motion
 D. all of the above
 E. A and B but not C
8. Nerve endings sensitive to noxious stimuli are present in:
 A. stomach and intestine 
 B. liver and pancreas
 C. mesentery and pancreas
 D. mesentery and intestines

ANSWERS AND SOLUTIONS
1. a. Large number of ribosomes
 b. Villi and microvilli
 c. Large number of mitochondria
2. Lungs, which receive a small amount of arterial blood for 

their own nourishment, receive venous blood equivalent to 
the entire cardiac output for gaseous exchange.

 The excretory function of kidneys is directly related to renal 
blood fl ow.

 Much the larger part of the blood fl ow through the skin, 
when its vessels are dilated, is meant to regulate body 
temperature.

3. Justifi ed in terms of complexity of control; not justifi ed 
because:

 a. enteric nervous system is further controlled, by the 
brain, and

 b. enteric nervous system neither exerts voluntary con-
trol, nor does the sensory input to it result in conscious 
awareness.

4. The answer will be clear after a study of autonomic nervous 
system (Chapter 15.1).

5. A
6.  A
7.  D
8. C
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Food starts its journey in the mouth. Right at the outset, it is 
subjected to the cruel process of chewing. As we chew the 
food, saliva is secreted, which makes the food softer still, and 
helps bind it into a bolus. Finally, swallowing terminates the 
sojourn of food in the mouth, and marks the beginning of the 
next leg of the journey.

MASTICATION
Mastication, or chewing, is a harsh process to which food is 
subjected preparatory to swallowing. Teeth are used to tear and 
crush the food as it is tossed about in the mouth. Human teeth 
are not among the strongest, and civilized existence, of which 
soft and refi ned foods are a part, does nothing to strengthen 
them. Nevertheless, the teeth are capable of exerting consider-
able force, the reported fi gures being 11-25 kg for incisors, and 
29-30 kg for molars. Since the force is exerted on a small area, 
the pressure works out to hundreds of kg per sq cm.
 The necessity of chewing is somewhat controversial. Some 
faddists would have it that chewing a morsel less than 32 times 
is to court disaster. Wags who refuse to be taken in by such 
dogmas, have placed food directly in the stomach via a tube. 
Such experiments have shown that digestion is not materially 
affected even if we bypass the step of chewing. As usual, the 
most desirable course probably lies between the two extremes. 
Some chewing is at least useful, if not essential; but an obses-
sion with chewing is irrational.
 Chewing is essentially benefi cial in at least four ways:
i. It makes digestion easier by
 a. increasing the surface area on which the digestive 

enzymes may subsequently act, and
 b. disrupting the indigestible cell walls of plant foods, 

exposing the digestible contents within to the effects of 
digestive enzymes.

ii. It prevents excoriation of the alimentary canal by making 
food safer. Only the mouth and oesophagus are lined with 
stratifi ed squamous epithelium, the subsequent regions hav-
ing the delicate tall columnar epithelium. ‘Manhandling’ 
the food in the tough buccal cavity makes it safer for the 
delicate regions to follow later. At least for some foods, the 
harsh treatment of chewing may be desirable.

iii. It facilitates emptying of the mouth. By reducing food to 
fi ne particles, and by giving them time and opportunity to 

bind together with the help of saliva, chewing helps form a 
bolus which is easy to swallow. By facilitating swallowing, 
chewing empties the mouth, thus making room for the next 
morsel.

iv. It prevents overeating. To some extent, chewing itself satis-
fi es hunger. Furthermore, satiation depends substantially on 
the time taken to consume a meal. If the food is well-chewn, 
it is natural that less food would be consumed in the time 
taken for satiation to be achieved. This fact is of particular 
relevance to those having a tendency to put on weight.

 In short, chew the food, relish it, savour it, but do not 
make a fetish of it. Do not start counting how many times 
the food has been chewn. If some day, you are in a hurry, and 
have to gulp down food, do not add to your worries by get-
ting worked up about inadequate chewing. As we shall see later 
(Chapter 6.5), hurry and worry may be worse for digestion 
than inadequate chewing. The ideal would be to arrange life in 
such a way that one does not have to hurry with food, or with 
anything for that matter. Nevertheless, sometime or the other, 
occasions for hurry will arise in everybody’s life, and then it is 
better to take things in their stride instead of getting worked up 
about inadequate chewing.

SALIVARY SECRETION
The harshness of the process of chewing is mellowed down by 
the salivary secretion. We have three pairs of major salivary 
glands—parotid, submandibular and sublingual—besides sev-
eral minor glands which are scattered throughout the mouth 
and pharynx. All salivary glands are a collection of secretory 
acini which empty their secretion into intercalated ducts. The 
acini and intercalated ducts are surrounded by specialized 
cells containing the contractile protein, myosin. These cells 
are called myoepithelial cells, and play some role in squeezing 
the secretion out of the secretory structures. The secretion from 
several intercalated ducts converges into larger ducts, and the 
process of convergence continues till fi nally the secretion is 
poured into the mouth. The ducts do not merely serve as con-
duits, but also modify the secretion, as discussed in some detail 
later. The similarity between different salivary glands ends 
with this generalized and vague description of their structure 
and function. If the cells constituting the acini are examined 
carefully, the parotid glands are found to be composed almost 

6.3
Food in the Mouth
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entirely of serous cells while the sublingual glands are made 
up of mucous cells; the submandibular glands have both serous 
and mucous elements. The nature of the secretion refl ects these 
structural differences. The copious secretion associated with a 
meal is virtually a mixture of parotid and submandibular secre-
tion. The sublingual glands and minor salivary glands serve to 
keep the mouth moist even when no food is being eaten.

Stimuli for Salivary Secretion
A meal combines a large number of stimuli, each one of which 
is independently capable of giving rise to some salivary secre-
tion. The anticipation of a pleasant meal can induce secretion 
even before the meal is presented. Watering of the mouth at the 
thought or mention of a palatable food is a familiar phenom-
enon. But Kerr found that, experimentally, it was generally not 
possible to detect an appreciable change in salivary fl ow by 
“reading a suitable passage describing a Christmas dinner, or 
simply inviting the subject to think about food”. It seems the 
relaxed and pleasurable anticipation of a delicacy is incompat-
ible with the objective measurement of salivary secretion rate 
in an experimental setting. Smell and taste are the next major 
components of a meal that induce salivation. Smelling a lemon 
increases salivary secretion. All tastes induce salivary secre-
tion, their relative potencies being sour > salt > sweet = bitter. 
In Kerr’s studies sucking acid-drops, which combine sour and 
sweet taste, was found to give the highest salivary response. 
Chewing is another important concomitant of a meal which can 
independently induce salivary secretion. Chewing a piece of 
paraffi n wax is a common experimental method for collecting 
saliva.
 Occasionally, very irritant foods lead to copious salivary 
secretion. The stimuli for this secretion are thought to originate 
at least partly in the stomach and intestines. The purpose of this 
secretion seems to be to aid the dilution of the irritant material.

Composition of Saliva
The composition of saliva depends upon its source and its rate 
of secretion. Serous secretion is a watery solution of electro-
lytes and amylase. Mucous secretion is a viscous, slimy solu-
tion of mucin and electrolytes, similar to the nasal secretions 
in a cold. In addition to these major components, saliva also 
contains antibodies of the class IgA, which confer local immu-
nity (Chapter 6.10). Some individuals, called ‘secretors’ also 
secrete blood group substances in saliva. Whether a person is a 
‘secretor’ or a ‘nonsecretor’ is genetically determined.
 The electrolyte composition of mixed saliva depends on 
the rate of salivary secretion. As the rate of secretion rises, the 
concentration of sodium rises while that of potassium stays 
essentially constant. The higher concentration of bicarbonate at 
high rates of secretion makes it more alkaline. While the pH of 
mixed saliva (basal) is 6.2, at maximal rates of secretion the pH 
may reach 8.

Mechanism of Salivary Secretion
Variable composition of saliva at different rates of secretion 
gave rise to a theory of secretion which has been considera-
bly substantiated by micropuncture studies. The fi nal salivary 
secretion seems to be manufactured in two stages. First, the 

acini form a ‘primary’ secretion, and then it is modifi ed by 
the ducts. At high rates of secretion, less time is available for 
modifying the ‘primary’ secretion, and consequently saliva 
resembles the ‘primary’ secretion itself. It is as if under the 
pressure of an elevated demand, the factory starts turning out 
inadequately polished products.
 The ‘primary’ secretion is isotonic with plasma, and its 
electrolyte composition is similar to that of plasma. Such a 
solution would ordinarily be thought to result from ultrafi ltra-
tion of plasma (as in the renal glomeruli). But in the salivary 
glands it is not so as is shown by the following observations:
i. Secretion does not depend upon the existence of fi ltra tion 

pressure. The secretion is possible against a pressure greater 
than the arterial pressure, or even when the blood fl ow is 
stopped.

ii. Secretion is associated with a transmembrane potential dif-
ference, which changes with activity.

iii. Secretion stops if the energy-dependent Na+ – K+ ATPase 
is inhibited.

 These observations suggest that although the primary secre-
tion is isotonic with plasma, it is the result of active ionic trans-
port. As the primary secretion fl ows along the ducts, sodium 
and chloride ions are reabsorbed from it and much smaller 
amounts of potassium and bicarbonate ions are secreted into it. 
Bicarbonate ions are synthesized from carbon dioxide derived 
from blood as well as local metabolism. The dissolution of 
carbon dioxide is catalysed by carbonic anhydrase, which is 
present in the ductular cells. The changes in the ducts bring 
about a net reduction in the tonicity of the solution, so that the 
fi nal salivary secretion is hypotonic.

Functions of Saliva
Saliva contains the enzyme amylase, which hydrolyses 
starch into the disaccharide maltose and a mixture of oli-
gosaccharides. Salivary amylase has the same charac teristics 

Are Crocodiles Hypocrites?

A crocodile, when presented with food, sheds tears. It is 
commonly thought that while the crocodile is secretly gloat-
ing over the prospects of a hearty meal, he gives an outward 
impression of sympathy for his potential victim. Accordingly, 
‘crocodile tears’ is an idiomatic expression for hypocrisy of 
the highest order. In fact, the crocodile is not at all guilty of 
hypocrisy. It is just that the parasympathetic nerve fi bres to 
the crocodile’s lacrimal glands get activated at the same time 
as the nerve fi bres to the salivary glands. Therefore, when it 
fi nds some tasty food, not only its mouth begins to water, 
but it also starts shedding tears. The arrangement in man is 
only a shade different. All three major salivary glands as well 
as the lacrimal gland are innervated by different branches of 
the seventh cranial nerve, the facial nerve. Sometimes when 
a man’s facial nerve is injured, it regenerates only imper-
fectly. Some of the regenerating axons, which originally 
innervated the salivary glands, get slightly misdirected and 
innervate the lacrimal glands. Such a man also sheds ‘croco-
dile tears’ at meal time.
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as pancreatic amylase, and is dis tinguishable from the latter 
only immunologically. The pH optimum is 6.9, which is about 
the pH of saliva. But the time available for digestion in the 
mouth is extremely short. Hence the digestion of starch in the 
mouth is quanti tatively insignifi cant. But it is qualitatively sig-
nifi cant in that it changes tasteless starch into sweet maltose, 
which makes the food taste better. Amylase is inactive at pH 
below 4.5. Hence it cannot act in the acidic environment of the 
stomach. However, it may continue to act for some time in the 
interior of the bolus, since that is not directly exposed to the 
gastric juice.
 Besides its digestive function, saliva helps bind the food 
into a bolus, which is more convenient to swallow.
 Saliva also plays an important role in oral hygiene. It 
washes out the food particles and sugar, which could otherwise 
support the growth of bacteria. Saliva contains thiocyanate 
ions, which are bactericidal, and also an enzyme which facili-
tates the entry of thiocyanate into bacteria. The IgA antibodies 
present in saliva confer specifi c protection against some for-
eign substances and invading microorganisms.
 In some animals, such as dog and rat, saliva plays an 
important role in regulation of body temperature by providing 
the animal a mechanism for evaporative cooling.

Regulation of Salivary Secretion
An adult secretes about 1 litre of saliva everyday, much of it at 
meal times. The basal secretion is at its minimum during sleep. 
Regulation of the rate of secretion during different physiologi-
cal states is predominantly under neural control. We have a 
reasonably complete idea of the pathways by which various 
oral and extraoral stimuli increase salivary secretion1. Taste 
receptors, general sensory receptors in the mouth, and olfac-
tory, visual or auditory stimuli all project to the central nerv-
ous system. In case of taste, neural connections are thought 
to exist between its central projection (tractus solitarius) and 
the nuclei which control salivary glands. In case of olfactory, 
auditory and visual areas also, such connections presumably 
exist, and Pavlov’s experiments on condi tion ing suggest that 
new connections of this type can develop. The brainstem nuclei 
which control sali vary glands are the superior and inferior sali-
vary nuclei and are considered a part of the parasympathetic 
nervous system. Preganglionic neurons originating in these 
nuclei synapse with ganglion cells in or near the glands. Post-
ganglionic nerve fi bres supply the glandular elements as well 
as blood vessels in the salivary glands. Stimulation of these 
parasympathetic nerves to the salivary glands produces a copi-
ous fl ow of watery secretion as well as vasodilatation. The rela-
tionship between these two effects has been a matter of some 
controversy. But it appears that they are rather indepen dent of 
each other. Increase in secretion is cholinergically mediated, 
and is blocked by atropine. Vasodilation is not blocked by atro-
pine and seems to result from the release of an enzyme, kal-
likrein, which hydrolyses a globulin in the interstitial fl uid to 

produce a vasodilator, bradykinin. A complication in this neat 
scheme is the observation made by Ferrcira and Smaje in 1976 
that although vasodilatation is atropine-resistant, kinin release 
is inhibited by atropine. Thus brady kinin may not be the only 
agent which mediates para sympa thetic vasodilatation. Hence 
the controversy continues.
 Besides parasympathetic nerves, salivary glands also 
have a sympathetic nerve supply from the upper thoracic seg-
ments, the effects of which were reported by Emmelen in 
1980. Unlike at most other places, here the parasympathetic 
and sympathetic do not have mutually antagonistic functions. 
Sympathetic nerves do constrict the salivary gland blood ves-
sels, but they also promote secretion. Sympathetic stimulation 
is more effective in promoting secretion if the glands have 
already been activated by parasympathetic activation. Catecho-
lamines, like sympathetic stimulation, augment the secretion 
evoked by parasympathetic stimulation. However, the role of 
sympathetic nerves in physiological stimulation of salivary 
glands in man is doubtful. In some animals, such as cat, who 
spit when angry, sympa thetic- evoked salivary secretion may 
be responsible for the phenomenon. Species differences in 
physiology of salivary secretion are so signifi cant that extrapo-
lation of experimental results from animals to man should be 
cautious.

Regulation of Extraglandular Elements
The above account of regulation of salivary secretion applies 
primarily to the regulation of secretion by acini. But the state 
of duct cells, myoepithelial cells and blood vessels also affects 
the output of salivary glands in terms of rate and composition 
of secretion.
 As in the kidney and colon, aldosterone promotes sodium 
reabsorption and potassium secretion by the duct cells of sali-
vary glands, thereby reducing the sodium and increasing the 
potassium concentration in saliva.
 Both sympathetic and parasympathetic stimulation excite 
the myoepithelial cells, but their contractile activity is not a 
must for the saliva to fl ow into the mouth2. However, since 
myoepithelial cells are more sensitive to the effects of neuro-
transmitters than the secretory cells, they are likely to partici-
pate in physiological secretion. Nature seems to have provided 
this special squeezing mechanism in view of the extremely 
short time spent by the food in the mouth.
 Blood vessels of salivary glands are innervated by sympa-
thetic vasoconstrictor and parasympathetic vaso dilator nerves. 
But the relationship of blood fl ow to secretion is controversial. 
While it is certain that cessation of blood fl ow would stop the 
secretion, it is not certain that the rate of secretion and blood 
fl ow always parallel each other, whether there is a cause and 
effect relation ship between the two, and if so, which is the 
cause, and which the effect. The role of bradykinin in para-
sympathetically mediated vasodilation has been discussed 
above.

1 If you have not yet studied nervous system (Section 12), you may not understand the neural regulation of salivary secretion fully. However, this handi-
cap will not affect your understanding of the subsequent paragraphs.
2 In contrast, contraction of myoepithelial cells of the mammary glands is a must for ejection of milk.
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DEGLUTITION

Deglutition, or swallowing, marks the transition between the 
voluntary and involuntary phases of ingestion. Although it 
starts as a voluntary act, it soon becomes involuntary.
 When we feel that the food has been chewn enough, we 
collect some of it into a bolus, separate it from the rest of the 
food in the mouth, and push it backwards. Struc tures in the 
back of the mouth, particularly the ante rior pillars of the phar-
ynx, base of the tongue, and soft palate, are highly sensitive to 
touch. As soon as the bolus touches these structures, swallow-
ing refl ex ensues. The swallowing refl ex, like all other refl exes, 
is an involun tary act. That is how the voluntary stage of swal-
lowing passes on to the involuntary stage.
 The impulses from tactile receptors located in the mouth 
and pharynx are conveyed to the swallowing centre in the 
medulla oblongata. Although several nerves are involved in 
conveying the information to the central nervous system, the 
most important of them seems to be the superior laryngeal 
nerve (a branch of the vagus nerve), the stimulation of which 
reproduces the entire swallowing refl ex in animals. The effer-
ents from the swallowing centre are conveyed by cranial nerves 
V, IX, X and XII to more than 25 muscle groups, the coordi-
nated activity of which constitutes the swallowing refl ex.

The Swallowing Refl ex
The swallowing refl ex, or the involuntary stage of swallowing 
may be divided into the pharyngeal and oesophageal stages.

Pharyngeal Stage
The mouth is below the nose, while the oesophagus is behind 
the trachea. These anatomical relations create an inevitable 
criss-crossing of pathways (Fig. 6.3.1). The food and air pas-
sages cross each other in the pharyngeal region. Because of the 
crossing, there exists a real possibility that food or air might 
enter the wrong passage. If air enters the food pipe (oesopha-
gus), it does not matter much,3 but the entry of food into the 
wind pipe (trachea) is a serious affair. Accordingly the pha-
ryngeal stage of swallowing comprises of a series of complex 
steps, most of them designed to prevent food from entering 
the air passage. These steps are all involuntary, occur in quick 
sequence, and are all over in less than a second. The steps may 
be briefl y described as follows:
 i. The soft palate rises to block the posterior nares; this 

prevents food from coming out through the nose. 
Occasionally, however, if while drinking something, one 
starts laughing, the liquid might make an unpleasant exit 
through the nostrils.

 ii. The palatopharyngeal folds are pulled medially, reduc-
ing the pharyngeal opening to a narrow slit, which allows 
only small quantities of food to pass at a time.

 iii. The vocal cords are approximated (adducted), closing the 
superior opening of the larynx.

 iv. The epiglottis swings back over the superior opening of 
the larynx so that food does not come in contact with even 

the adducted vocal cords. The arrangement is comparable 
to a double door.

 v. The larynx is pulled up and forwards. This may be 
verifi ed by placing the tips of the middle and index fi n-
gers over the thyroid cartilage of the larynx (Adam’s 
apple), and then swallowing a little saliva. Rising of 
the larynx raises also the epiglottis. Thus the food being 
swallowed does not come in contact even with much of 
the epiglottis. Instead, most of the food slips along the 
gutters on either side of the epiglottis rather than go over 
it.

 vi. There is a momentary stoppage of breathing (apnoea) 
during swallowing. This further ensures that food would 
not get aspirated into the airways. The apnoea is gener-
ally not noticed because of its extre mely short duration, 
i.e. less than 1 sec. On the other hand, the rate of breath-
ing at rest is about 15/min, which means that each breath 
lasts 4 sec. Thus the apnoea during swallowing interrupts 
breathing for only a fraction of the breathing cycle.

 vii. The superior constrictor of the pharynx contracts, initiat-
ing a peristaltic wave that travels all the way down to the 
esophagus.

 viii. The upper esophageal sphincter (UES) relaxes, letting 
the bolus enter the esophagus. The UES or pharyngo-
esophageal sphincter is a 2-4 cm long high pressure zone 
(HPZ) showing a resting pressure between 50 and 100 
mm Hg. Anatomically, it inclu des the cricopharyngeus 
muscle, the inferior constric tor of pharynx, and perhaps 
also a bit of the upper oesophagus. UES is a powerful 
sphincter, resisting a force up to 200 g exerted against 
it from the oesophageal side. It prevents refl ux of oeso-
phageal contents into the pharynx from where they might 
be aspirated into the respiratory tract. It also prevents 
air from entering the oesophagus during inspiration. 
However, UES is not an indispensable sphincter; abnor-
malities of UES function lead to no serious disability.

Fig. 6.3.1: The anatomical relations create an inevitable criss-crossing 
of food and air pathways.

3 Does it matter at all? If you are not sure, see the answer to Question 6 at the end of this chapter.
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Oesophageal Stage
Once the food has negotiated the UES, it rapidly moves down 
the oesophagus. Three different forces may contribute to this 
movement: the momentum generated by the contraction of 
the superior pharyngeal sphincter, gravity, and oesophageal 
peristalsis. The momentum generated by the contraction of the 
superior pharyngeal constrictor is suffi cient to carry the food a 
considerable distance down the oesophagus. This is the major 
force which carries water all the way up to the stomach in a 
quadruped drinking water with the level of its head below that 
of the stomach. In such a situation, gravity is actually opposing 
the swallow, and peristalsis is much too slow; hence, the main 
force that makes water travel all the way up the oesophagus is 
the momentum generated in the pharynx.
 Man has an erect posture; accordingly, in the normal condi-
tions of eating, gravity contributes importantly to the rate of 
movement of food through the oesophagus. This is particularly 
so in the case of liquids which travel the whole length of the 
oesophagus (about 30 cm in an adult) in about 1 sec, which 
is much faster than the rate at which an esophageal peristaltic 
wave travels. Gravity is helpful, but it is not indispensable, as 
has been shown by successful swallowing in space where grav-
ity is virtually absent. A man can have water as well as solids 
with the gravity eliminated, as in the lying down position, and 
with the gravity opposing the movement of water, as in the 
head-down position.
 Oesophageal peristalsis is unique in that striated as well 
as smooth muscle participate in it. The upper one-third of the 
oesophagus has striated musculature, the lower one-third has 
smooth musculature, and the middle one-third has both types 
of musculature arranged in such a way that the transition from 
the striated to smooth musculature is not abrupt. Both types 
of musculature in the oesophagus are innervated by the vagus 
but the myoneural junctions are in accordance with the type 
of musculature. Oesophageal peristalsis is a wave of contrac-
tion that milks the contents down the oeso phagus. As in the 
rest of the gut, it is in the form of a ring of contraction which 
squeezes the contents. The region immediately distal to the ring 
undergoes ‘recep tive relaxation’ to receive the contents from 
the squeezed region. When the contents have moved, the gut 
around now contracts to squeeze them, and the region distal to 
it relaxes to receive them. This goes on till the contents have 
moved all the way up to the end. The phenomenon presents 
the appearance of a travelling wave of contraction, as may be 
easily imagined by forming a mental picture of the sequence 
of events, or visualised by moving a tight ring around a rubber 
tube.
 In the oesophagus, three types of peristalsis—primary, sec-
ondary and tertiary—have been frequently described. The dif-
ference between the three types lies in their origin and extent 
rather than character. The primary peristaltic wave is an inte-
gral part of the swallowing refl ex. It follows the relaxation of 
the UES and travels towards and up to the gastroesophageal 
junction. One primary peristaltic wave per swallow is seen 
irrespective of whether it is necessary (as in case of solids) or 
un necessary (as in case of liquids), adequate (as for a small 
bolus) or inadequate (as for a large, dry bolus). Secondary 

Getting through Sphincters

The transition from one region of the alimentary canal to the 
next is marked by sphincters. Dorland’s Medical Dictionary 
defi nes a sphincter (Gk. sphincter, that which binds tight) 
as a ringlike band of muscle fi bres that constricts a passage 
or closes a natural orifi ce. The pyloric sphincter is a good 
example of a typical sphincter. The functional characteristics 
of a sphincter are:
i. its resting pressure is higher than the pressure on either 

side of it,
ii. if the pressure proximal to the sphincter is raised, it 

responds by relaxing, and
iii. if the pressure distal to the sphincter is raised, it 

responds by contracting.
 Try and construct a mental picture of the above charac-
teristics, and you would realise that they are all designed to 
allow the passage of contents from the proximal towards 
the distal region of the gut only when it is necessary to do so; 
an effort to effect a fl ow in the opposite direction is actively 
resisted.
 Since the gastroesophageal junction shows all the char-
acteristics of a sphincter, it has been termed the lower 
oesophageal sphincter (LES). But since it is structurally not 
a ringlike band of muscle fi bres, it is called just a functional 
sphincter. Besides the LES and UES, the gut also has the 
pyloric sphincter, the sphincter of Oddi, ileocaecal sphinc-
ter, internal anal sphincter and external anal sphincter.
 At this point, the differences between a sphincter and a 
valve may also be mentioned. While both structures allow 
only one way fl ow, the mechanism by which they achieve 
this is different. A sphincter actively assists fl ow in one direc-
tion (by relaxing) and actively resists fl ow in the opposite 
direction (by contracting). This behaviour may be expected 
only from a live structure. A valve, on the other hand, is a 
purely mechanical arrangement. It is like a door that opens 
only one way. In the gut, a valve is present at the ileocaecal 
junction.

peristaltic waves result from the stretching of the oesophageal 
wall by the bolus of food. Thus a secondary peristaltic wave 
follows a primary peristaltic wave only if the latter has not 
been able to deliver all the contents to the stomach. For the ter-
tiary peristaltic wave, the stimulus is again the food present in 
the oesophagus. But the main difference between the second-
ary and tertiary peristaltic waves is that the latter is confi ned to 
the lower smooth muscle segment of the oesophagus. Tertiary 
peristalsis may be particularly useful in quadrupeds; it may 
compensate for the lack of assistance from gravity. The pres-
sure generation pattern and the velocity of primary, secondary 
and tertiary peristaltic waves are indistinguishable.
 Once the food reaches the lower end of the esophagus, the 
lower oesophageal sphincter (LES) relaxes and lets the con-
tents pass on to the stomach. LES is a functional rather than 
anatomical sphincter: it shows all the functional characteristics 
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of a sphincter but its anato mical counterpart is a mere thick-
ening of smooth muscle extending over about 3 cm of distal 
oesophagus. Thus the LES region normally has a pressure 
(10-40 mm Hg) which is higher than either the pressure in the 
stomach or the rest of the oesophagus. While distension of the 
lower end of the oesophagus brings this pressure down, disten-
sion of the stomach raises this pressure still further up. Thus 
the LES lets the oesophageal contents enter the stomach when-
ever necessary. But it prevents and actively resists the entry of 
gastric contents into the oesophagus, which is very benefi cial 
since the oeso phageal mucosa is not equipped to withstand the 
highly acidic pH of the gastric contents.
 Intraoesophageal pressure may be recorded by intro-
ducing a tube into it, and connecting it to a manometer or a 
pressure transducer. If two or more tubes are joined together 
with their tips a known distance apart, and then introduced into 
the esophagus, pressure from different regions of the esopha-
gus may be recorded. The tubes may be moved to record the 
pressure in the region of the LES or the stomach as well. 
Recordings made with this technique have shown that the 
intraesophageal pressure is normally negative (i.e. below the 
atmospheric pressure). This is because the esophagus is located 
in the thoracic cage where the pressure is negative. Being a 
thin-walled toneless structure, the esophagus refl ects the pres-
sure of its surroundings. By the same token, esophageal pres-
sure shows rhythmic variations synchronous with respiration. 
A swallow induces a peristaltic wave in the esophagus which 
may be picked up as a high pressure wave. Pressure recording 
from two points a known distance apart gives the time taken 
by a peristaltic wave to travel from one point to the other; from 
this data the velocity of the peristaltic wave may be calcu-
lated. In man, the velocity of the peristaltic wave is 2-4 cm/
sec. Since an adult’s esophagus is about 30 cm long, it takes 
the wave about 10 sec to traverse the esophagus. While a fi rm 
bolus takes about 10 sec to travel to the LES, water drops to 
the LES in about 1 sec with the help of gravity. Water is only 
momentarily arrested at the lower end of the esophagus; the 
LES relaxes promptly, and releases the liquid into the stomach. 
Thus the peristaltic wave does not necessarily have to reach the 
LES for it to relax; mere distension of the lower segment of the 
esophagus is enough to relax it.
 LES is a complex region of the esophagus. It has consider-
able autonomy in that it relaxes even when a peristaltic wave 
is induced in an isolated esophagus. But in the intact organism, 
its tone seems to be infl uenced by the vagus nerve, sympathetic 
nerves, intramural ganglia as well as gut hormones. We become 
conscious of the importance of the LES only when it does 
not relax suffi ciently when it should (achalasia), or remains 
relaxed when it should not (refl ux esophagitis). In achalasia, 
swallowing becomes a painful experience, and surgical relaxa-
tion of the LES might become necessary. In refl ux oesophagi-
tis, acid from the stomach enters and irritates the esophagus 
causing heartburn.
 In this chapter, we have taken the food from the table to the 
stomach. What goes on in the stomach is the subject of the next 
chapter.

QUESTIONS AND PROBLEMS

1. Why is infection relatively uncommon after oral surgery in 
spite of the fact that antiseptic measures are inconvenient to 
employ?

2. Why are children often told to spit on their wounds?
3. Why is atropine premedication given before anaesthesia?
4. While one is waiting for an oral examination, the mouth 

often gets dry. On the other hand, sometimes in a state of 
extreme fear or anger, one feels the need to swallow saliva 
repeatedly. How can you explain these opposite responses 
to stress?

5. Why has nature in its wisdom arranged the food and air 
passages in such a manner that a complex mechanism is 
required to prevent the food from entering the air passage?

6. One of the functions of the upper oesophageal sphincter is 
to prevent air from entering the esophagus during inspira-
tion. How does that help us?

7. The digestive action of salivary amylase is not of much 
importance because of the unfavourable pH of:

 A. gastric juice B. saliva
 C. food D. A and C but not B
8. Much of the salivary secretion associated with a palatable 

meal is due to:
 A. sympathetic stimulation
 B. parasympathetic stimulation
 C. increased blood fl ow
 D. release of catecholamines
9. The process of swallowing is:
 A. voluntary
 B. involuntary
 C. partly voluntary and partly involuntary
 D. involuntary to start with, but later voluntary
10. During swallowing, swinging backward of the epiglottis:
 A. prevents food from entering the posterior nares
 B. Prevents food from entering the larynx
 C. is responsible for the stoppage of breathing during 

swallowing
 D. all of the above
11. Swallowing is associated with:
 A. separation of vocal cords
 B. downward movement of larynx
 C. apnoea
 D. all of the above
12. Primary peristalsis and secondary peristalsis of the esopha-

gus are different in that the former:
 A. is more rapid
 B. is independent of neural control
 C. is initiated by swallowing
 D. is confi ned to the upper oesophagus
13. In a segment of the gastrointestinal tract, the region ‘S’ is a 

sphincteric region (see fi gure).

 A S B
 Proximal (Oral)  Distal (Caudal)

6.3.indd   3086.3.indd   308 8/23/2010   12:25:48 PM8/23/2010   12:25:48 PM



C
H

A
PT

ER
 6

.3
: Fo

o
d
 in

 th
e M

o
u
th

309

 In such a situation:
 A. distension of ‘A’ increases the intraluminal pressure at 

‘S’
 B. distension of ‘B’ decreases the intraluminal pressure at 

‘S’
 C. the intraluminal pressure at ‘S’ is much higher than that 

at either ‘A’ or ‘B’
 D. all of the above are true

ANSWERS AND SOLUTIONS
1. It is because of the anti-infective actions of saliva.
2. It provides an immediate and convenient antiseptic dress-

ing for the wound. For the same reason, animals lick their 
wounds clean.

3. Atropine blocks cholinergic postganglionic fi bres, and con-
sequently abolishes salivary secretion. This reduces the risk 
of aspiration during anaesthesia. Any fl uid present in the 
mouth is quite likely to be aspirated into the respiratory 
tract because the cough refl ex is depressed during anaesthe-
sia. Entry of fl uids into the respiratory tract may choke the 
patient to death. Therefore aspiration is a serious accident.

4. Drying of the mouth under stress is possibly due to with-
drawal of parasympathetic activity and consequent cessa-
tion of salivary secretion. Sympathetic activity alone is gen-
erally not able to elicit salivary secretion in man.

 On the other hand, extreme fear or anger may lead to such 
intense sympathetic stimulation and such a massive-effl ux 
of catecholamines from the adrenal medulla that it may 
excite salivary secretion.

5. If the food and air passages had been completely independ-
ent common cold would have killed a man by blocking 
his nose. The complex arrangement that exists (Fig. 6.3.1) 
makes it possible for us to breathe through the mouth when 
the nose is blocked.

6. It prevents an avoidable addition to the respiratory dead 
space.

7. A
8. B
9. C
10. B
11. C
12. C
13. C
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6.4
Goings-on in the Stomach

All the food that we eat is delivered to the stomach almost 
instantaneously. Considering the large volume of food that 
we may take at a single sitting, the enormous capacity of the 
stomach to expand and accommodate food can be easily imag-
ined. While the fasting stomach is almost completely hidden 
under the ribs, a full stomach may descend and extend upto the 
pelvis. In the stomach, food gets an acidic welcome. Gastric 
juice, which is acidic, is secreted by the stomach in anticipation 
of the arrival of food. More of gastric juice is secreted after 
food enters the stomach. Gastric juice initiates the digestion 
of proteins. Digestion continues even as the stomach empties 
itself into the duodenum. How is it that the stomach can secrete 
so acidic a juice, how does the stomach know when to start or 
stop secretion, and how does the stomach manage to empty at 
just the right rate—these are some interesting questions which 
are yet to be fully answered.
 The structural organization of the stomach follows the 
scheme typical of the alimentary canal (Fig. 6.2.2). The 
stomach has a richly glandular mucosa which is lined by 
simple columnar epithelium. The three types of glands seen 
in the stomach, and their principal cell types are indicated in 
Figure 6.4.1. The characteristic glands of the stomach are the 
oxyntic glands (Fig. 6.4.2) which occupy most of the fundus 
and corpus (body) of the stomach. The secretory products of 
the various cell types of the stomach are given below1:
 Peptic (chief) cells : Pepsinogens
 Oxyntic (parietal) cells : Hydrochloric acid
  : Intrinsic factor
 Mucous cells : Mucus
 Endocrine cells : Gastrin
   Several other substances, e.g.
   somatostatin, VIP, glucagon, 
   pancreatic polypeptide,
   bombesin, and enkephalins.
 Enterochromaffi ne cells : Serotonin
 Mast cells : Histamine
 The products of the peptic and oxyntic cells are secreted 
into the lumen and constitute the gastric juice. Mucus lines the 
surface of the gastric mucosa. The products of endocrine and 
related cells have an endocrine or paracrine action.

Fig. 6.4.1: The three types of glands in the stomach, and their 
principal cell types.

1 It is good to be aware of the large number of secretory products of the stomach but the list need not be remembered. The products of immunocompetent 
cells present in the lamina propria may be added to the list.

Acid Secretion
Secretion of acid by the parietal cells of stomach involves a 
four million-fold concentration of hydrogen ions, which is the 
highest accomplished by any mammalian cell. It involves an 
enormous expenditure of energy; indeed, oxygen consumption 
is an index of the rate of acid secretion.
 Parietal cells are conical in shape, the apex facing the 
lumen of the gland. In keeping with their high energy require-
ment, parietal cells have a very large number of mitochon-
dria, probably more than any other cell type in the body. The 
ultrastructure of parietal cells shows characteristic features 
depending upon whether or not the cell is secreting. Secreting 
cells show a system of intracellular canaliculi which opens into 
the lumen. The walls of the canaliculi as well as the apex of the 
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Fig. 6.4.2: Diagrammatic structure of an oxyntic (fundic) gland and 
predominant location of different cell types in it. C, chief or peptic 
cells; O oxyntic or parietal cells; M, mucous cells.

Fig. 6.4.3: Mechanism of secretion of hydrochloric acid.

cell show numerous microvilli which increase the surface area 
enormously. In contrast, the non-secreting cells show a system 
of tubulovesicular membranes. The intracellular canaliculi no 
longer communicate with the lumen, become distended and 
lose their microvilli. There is apparently an intimate relation-
ship between the microvilli of the secreting cells and the tubu-
lovesicular membranes of non-secreting cells. But the details 
of how the components are reorganized or recycled in the two 
functional states are still controversial.

 The basic process of acid secretion (Fig. 6.4.3) involves the 
following components:
i. Intracellular water is ionized into hydrogen and hydroxyl 

ions.
H2O  H+ + *OH–

 Hydrogen ions (H+) are actively secreted into the lumen. 
The H+ pump is activated by a (H+ – K+) ATPase. (H+ – 
K+) ATPase is Mg++ dependent and is highly specifi c to 
parietal cells. It is not inhibited by ouabain, but is inhibited 
by substituted benzi midazoles, e.g. omepra zole. Therefore 
omeprazole is a highly specifi c inhibitor of gastric acid 
secretion.

ii. The hydroxyl ions (OH –) would probably raise the intracel-
lular pH to lethal levels, and therefore need to be neutral-
ized. Neutralization of OH – is brought about by H+ gen-
erated by the ionization of carbonic acid (H2CO3). Since 
carbon dioxide (CO2) is only poorly soluble in water, the 
requisite quantities of H2CO3 are generated by catalyzing 
the reaction by carbonic anhydrase.

CO2 + H2O 
carbonic

anhydrase  H2CO3  HCO3
– + H+

 
*OH –

 H2O

iii. Bicarbonate ions (HCO3
–) are actively removed 

from the cell at its basolateral surface by a pump 
which is activated by HCO3

– ATPase. HCO3
– enters 

the interstitial fluid, and from there diffuses into
the bloodstream. In exchange, chloride ions (Cl –) diffuse 
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from the blood into the interstitial fl uid, and from there into 
the parietal cell. Secretion of HCO3

– into the bloodstream 
is responsible for the ‘alkaline tide’ associated with acid 
secretion.

iv. The Cl – that enter the parietal cell in exchange for 
HCO3

– are secreted into the lumen. The Cl – accompany the 
H+ secreted in step (i) to form hydrochloric acid (HCl).

 The transport of Cl – at the serosal surface is generally 
thought to be in keeping with the electrical gradient generated 
by HCO3

– transport, and therefore passive. On the other hand, 
the secretion of Cl – at the lumenal surface is thought to be 
active. But some experimental obser vations are not compatible 
with this model, and seem more consistent with an alternative 
model in which the chloride transport at the serosal surface is 
active and the secretion into the lumen is passive.
 The secretion of Cl – slightly exceeds that of H + and hence 
there is a potential difference of –40 to –70 mV across the gas-
tric mucosa. The potential difference persists even in the non-
secreting stomach. In that situation, the difference seems to 
be due to active sodium absorption. Since sodium transport is 
inhibited by acid, this system operates only when the stomach 
is not secreting.
 In step (i) above, it was mentioned that H+ secretion in 
energized by a (H +/K +)-ATPase. If K + were to be absorbed at 
the enormous rate at which H+ is secreted, it would lead to a 
dangerously high intracellular K + level. It has been proposed 
that the (H +/K +)-ATPase is localized in the canalicular mem-
brane and that K + is merely recycled.

REGULATION OF GASTRIC SECRETION
Gastric secretion is accurately synchronized with the need for 
gastric juice. The secretion begins when food is about to enter 
the stomach, and continues till food is present in the stom-
ach (Fig. 6.4.4). Secretion between meals is negligible com-
pared to food-related secretion. However, there is considerable 
variation. Among apparently healthy individuals, the basal to 
peak acid output ratio ranges from 0 to 0.42. The coordina-
tion between ingestion and secretion not only saves the stom-
ach unnecessary effort, it also protects the wall of the stomach 
from its own secretion.2 The mechanisms which ensure that 
secretion is produced in substantial amounts only when there is 
food present to act on, affect all important consti tuents of gas-
tric juice in an essentially parallel fashion. The important con-
stituents in the present context are acid and pepsinogens. The 
acid producing cells (oxyntic cells) and pepsinogen producing 
cells (peptic cells) respond to most of the regulatory factors in 
a similar way.3 This is quite expected in view of their common 
ancestry: in nonmammalian verte brates, there is a single cell 
type, the oxyntopeptic cell, which seems to have split into two 
more highly specia lized cell types in mammals. Of the two cell 
types in mammals, the parietal cells have been much better stu-
died because acid production is much easier to evaluate than 
enzyme production.

 The substances which stimulate parietal cells belong to 
each of the three major control systems of the body—neuro-
crine (acetylcholine), endocrine (gastrin) and paracrine (his-
tamine), and there is extensive interaction among the three. 
Knowledge of these interactions has been gained from studies 
on man, dog, frog, rat and rabbit. These studies have revealed 
enormous species vari a tion. What the variation possibly means 
is that nature has been experimenting till recently with the best 
way to regulate gastric secretion.

Agents that Stimulate Parietal Cells

1. Acetylcholine

Acetylcholine is released by the postganglionic para-
sympathetic fi bres of the vagus nerve. It stimulates parietal 
cells directly, and also indirectly by stimulating two types of 
endocrine cells of the stomach: G cells and ECL cells. G cells 
secrete gastrin while ECL (entero chro maffi n-like cells) secrete 
histamine. The direct action of acetylcholine on parietal cells is 
mediated by muscarinic receptors (M3 type), which are antago-
nised by atropine.

2. Gastrin
Gastrin is a hormone produced by the G cells present largely 
in the antral mucosa. Meals are associated with a rise in serum 
gastrin level: exogenous administration of gastrin in a dose 
that achieves a comparable serum concentration increases 
acid output. Surgical removal of gastric antrum and the fi rst 
part of duodenum decreases gastric acid output. Thus gastrin 
seems to have a physiological role in regulation of gastric 
secretion.
 As mentioned above, gastrin release is stimulated by acetyl-
choline. Hence vagal stimulation releases gastrin. In addition, 
distention of the gastric antrum and some chemicals present 
in the stomach (specially acid, peptides and amino acids) also 
stimlate release of gastrin. Thus several factors preceding and 
accompanying ingestion stimulate gastrin release.
 Gastrin release is inhibited by somatostatin. Release 
of somatostatin is inhibited by acetylcholine. This may be 

2 Can you think of what might happen if the gastric secretion were to act on its own wall? Do think and write down your answer before you turn to 
Chapter 6.5 for the answer.
3 Secretin and CCK inhibit acid secretion but stimulate pepsin secretion

Fig. 6.4.4: Gastric secretion is synchronous with meals.
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considered an additional indirect mechanism by which acetyl-
choline promotes release of gastrin.
 Gastrin stimulates gastric secretion at least partly by stimu-
lating ECL cells to release histamine. But now there is con-
siderable evidence indicating that gastrin also acts directly on 
parietal cells via CCK-B receptors.
 Interaction between acetylcholine and gastrin: The 
acetyl choline released by vagal nerve endings not only stimu-
lates parietal cells, but also the gastrin-secreting G cells. Vagal 
stimulation, in addition, sensitizes the parietal cells to the 
effects of gastrin. Therefore the combined effect of vagal stim-
ulation and gastrin on gastric secretion is more powerful than 
that of either alone. However, that gastrin has an independent 
role in regulation of gastric secretion is shown by the following 
experiments:
i. persistence of secretion even after vagal section.
ii. secretion seen after vagal section disappears if the pylorus 

is removed, and
iii. pyloric and fundic parts of the stomach may be detached 

from each other and also from their normal position in 
the body, and then transplanted in some new positions. 
Distension of the pyloric pouch, or introduction of protein 
digestion products or alcohol into it, results in acid secre-
tion in the fundic part.

3. Histamine
Histamine is a very potent stimulator of gastric acid secre-
tion. There are at elast two sources of histamine in the gastric 
mucosa: mast cells and ECL cells. Histamine released by mast 
cells is now thought to be involved only in the infl ammatory 
response. Physiological meal-related histamine is released by 
ECL cells, which are subepithelial endocrine cells of the stom-
ach. Histamine acts on parietal cells in a paracrine fashion via 
H2 type of histamine receptors. Therefore cimetidine, an H2 
receptor antagonist, reduces gastric secretion. Release of his-
tamine is stimulated by both acetylcholine and gastrin. That is 
why it seems as if histamine is the fi nal common pathway for 
the action of all stimulants of gastric secretion. But that is not 
entirely true because independent receptors for acetylcholine 
and gastrin are also present on parietal cells.
 Interaction between acetylcholine, gastrin and histamine: 
Experiments with gastric pouches had shown, and experi-
ments with isolated parietal cells have confi rmed that if more 
than one of these agents is given simul taneously the secretory 
response is greater than that seen with any of them alone. For 
example, the secretory response to acetylcholine and histamine 
given together is greater than the combined effect of the same 
quantity of acetylcholine and histamine given one at a time. 
This phenomenon, namely, (A + B) > (A) + (B), is known as 
potentiation. Potentiation is likely to be due to receptor-recep-
tor interaction, i.e. occupation of one receptor alters the affi nity 
or effi cacy of another receptor. Further, atropine inhibits the 
secretory response not only to acetylcholine but also to gastrin 
and histamine. Cimetidine inhibits the response not only to his-
tamine but also to gastrin and acetylcholine. Such experiments 
have led to the hypothesis that parietal cells are subjected to 
a constant background of acetylcholine and histamine which 
sensitize the cells to further doses of the same agents or gastrin.

 Studies on the interaction between the three stimu lators 
have been aided by the availability of specifi c antagonists to 
each of them, and also agents which infl u ence the steps of acid 
secretion (Table 6.4.1). As a result, now independent receptors 
for the three agonists are generally accepted to be present on 
the parietal cell. What is controversial is only the nature of the 
interaction, which is confounded by the species variation. A 
tentative model based on observations on dog parietal cells is 
shown in Figure 6.4.5.

Agents that Inhibit Parietal Cells
An agent that would inhibit parietal cells directly the way ace-
tylcholine or histamine stimulate it is not known. One way to 
achieve inhibition of parietal cells is by suppressing the release 
of the stimulants. Besides that the following factors are likely 
to participate in inhibition of acid secretion.

Table 6.4.1: Agents affecting the parietal cell

Agent Action

Acetylcholine Stimulation
Gastrin Stimulation
Histamine Stimulation
Isobutylmethylxanthine (IMX) Phosphodiesterase inhibitor—
 enhances response to histamine
Atropine Blocks acetylcholine receptors
Pirenzepine Blocks M1-muscarinic
 acetylcholine receptors
Proglumide Blocks gastrin receptors
Cimetidine Blocks H2 histamine receptors
Omeprazole Inhibits H+, K+ - ATPase

Fig. 6.4.5: Endocrine, neurocrine and paracrine factors which 
infl uence acid secretion by the parietal cell. The fi gure shows the 
simplifi ed situation in which the three factors may be assumed to act 
independently on independent receptors. Atropine and cimetidine 
molecules have also been shown schematically to illustrate how they 
might block acetylcholine and histamine (H2) receptors respectively. 
ECL cell, Enterochromaffi n-like cell.
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1. Acid
The best established inhibitor of gastric acid secretion is acid 
itself. Acidifi cation of stomach as well as duodenum inhibits 
gastric acid secretion. This arrangement is telelogically sound 
because acidifi cation beyond a certain point (below pH 1.8) 
would not further enhance pepsin activity, but could damage 
the mucosa. The phenomenon is an example of negative feed-
back and illustrates its functional signifi cance.
 Hydrogen ions do not have any direct effect on parietal 
cells. Acid in the stomach inhibits further acid secretion by 
inhibiting release of gastrin from G cells. When acidic chyme 
enters the duodenum, gastric secretion is further inhibited.
 One mechanism for inhibition of gastric secretion follow-
ing entry of acidic contents into the duodenum is likely to be 
an intramural neural refl ex operating via pH sensitive duodenal 
receptors.

2. Somatostatin
Somatostatin, secreted by D cells, has an inhibitory action on 
G cells as well as ECL. Somatostatin secretion is stimulated 
by gastric acidity. This provides an additional mechanism by 
which negative feedback inhibition of acid secretion discussed 
above is brought about. Further, somatostatin release is stim-
ulated also by gastrin, cholecystokinin (CCK), secretin and 
vasoactive intestinal peptide (VIP). These gastrointestinal hor-
mones (except gastrin) which release somatostatin are released 
upon the entry of food and acid into the duodenum. Thus these 
provide a hormonal mechanism for inhibition of gastric secre-
tion upon entry of chyme into the duodenum. Somatostatin is 
also released by beta-adrenergic agents. This observation might 
explain the inhibition of gastric secretion by anger or excite-
ment. The release of somatostatin is inhibited by acetylcholine. 
That makes sense because vagal activity begins even before the 
food has been ingested. At that stage, gastric secretion needs to 
be initiated without a braking infl uence.

3. Food
Besides acid, there are apparently other inhibitors of gastric 
secretion too as is shown by the fact that gastric secretion does 
ultimately come to a standstill even if gastric pH is artifi cially 
sustained at 5.5. These inhibitors are the carbohydrate, lipid 
and hyperosmolar contents of the chyme entering the duo-
denum. The mechanism by which these stimuli act is just as 
poorly understood as that by which duodenal acidifi cation acts. 
Carbo hydrates and lipids release gastric inhibitory polypep-
tide (GIP) and cholecystokinin (CCK) respectively, and both 
these hormones can inhibit gastric secretion. But, as in case 
of secretin, the doses required are higher than those released 
physiologically. Hyperosmolar solutions may inhibit gastric 
secretion by a refl ex originating in osmoreceptors located in 
the duodenum.

MEAL-RELATED GASTRIC SECRETION
The combination and sequence of events that result in gastric 
secretion associated with a meal may now be reconstructed. It 
is conventional and convenient to do so in terms of three arbi-
trary phases.

1. Cephalic Phase
Just as salivary secretion may start before food enters the 
mouth, gastric secretion is also initiated before food enters the 
stomach. Sight, smell, or even thought of food make the stom-
ach ‘water’ just like the mouth. This phase of gastric secretion 
is known as the cephalic phase (kephale, head) because it is 
triggered by the thought or awareness of food in the brain, or 
‘head’, not by the presence of food in the stomach and accounts 
for 30% of the response to a meal. Experimentally, the cephalic 
phase of gastric secretion may be demonstrated by sham feed-
ing. Sham feeding is so called because the experimental animal 
feels that it is eating whereas nothing really reaches its stom-
ach. The animal has an oesophageal fi stula; anything that is 
eaten by the animal leaves its body through the fi stula before 
it can reach the stomach. When such an animal is given some-
thing to ‘eat’, gastric secretion takes place although no food 
reaches the stomach. This phenomenon is spoken of as the 
cephalic phase of gastric secretion. It is mediated principally 
by the vagus nerve. This has been learnt from the observation 
that a vagotomised animal does not show the cephalic phase of 
gastric secretion.
 How does the information about sight, smell or thought of 
food reach the vagus nerve? The pathway is not known in pre-
cise detail, but is somewhat as shown in Figure 6.4.6. Vagus 
stimulates gastric secretion not only directly by stimulating the 
parietal cells, but also indirectly by releasing gastrin from G 
cells. Sham feeding experiments have shown that the rise in 
serum gastrin levels during cephalic phase is of physiological 
signifi  cance. Another interesting feature is that although vagal 
stimulation of parietal cells is cholinergic, G cell stimu lation 
seems to be non-cholinergic.

2. Gastric Phase
The rate of gastric secretion is further enhanced when food 
reaches the stomach; this is spoken of as the gastric phase 
of secretion and accounts for 60% of the response to a meal. 
During this phase, two types of stimuli operate, viz. mechani-
cal stimulation due to disten sion of stomach, and chemical 
stimulation due to compo nents of food. Each of these stimuli is 
capable of evo king substantial secretion.

Distension
The effects of distension on gastric secretion may be studied 
by infusing saline directly into the stomach. Doing so evokes 
secretion that varies from 20-50% of the peak acid output 
(PAO). Distension acts mainly through the vagus nerve. Vagus 
nerve has both afferent and efferent fi bres. Some of the afferent 
fi bres convey the information about distension of the stomach 
to the central nervous system. Central processing translates this 
information in terms of neuronal discharges emanating from 
the motor nucleus of the vagus. These discharges are conducted 
along the efferent vagal fi bres, and result in gastric secretion 
(Fig. 6.4.7).
 Vagal involvement in the gastric phase of secretion may be 
demonstrated experimentally by sectioning one of the two vagi, 
leaving the other intact. Then stimulation of the central end of 
the cut vagus nerve evokes gastric secretion. Stimulation of 
central end corresponds to afferent impulses originating in the 

6.4.indd   3146.4.indd   314 8/23/2010   12:25:06 PM8/23/2010   12:25:06 PM

tahir99-VRG & vip.persianss.ir



C
H

A
PT

ER
 6

.4
: G

o
in

g
s-o

n
 in

 th
e Sto

m
ach

315

stomach. In response, efferent impulses travel along the intact 
vagus to produce gastric secretion.

Chemical Stimuli
The effects of chemical stimuli on gastric secretion may be 
studied by infusing a watery ‘meal’ directly into the stomach. 
Doing so evokes secretion that varies from 60-70% of the 
PAO. If we subtract from it the response to distension by an 
equivalent amount of saline, we get the contribution made by 
chemical stimuli alone.
 The most potent chemical stimuli for gastric section are 
proteins. Partially digested proteins and amino acids are much 
more effective than intact food proteins. Protein digestion 
products act mainly by stimulating G cells to release gastrin. 
Amino acids have been shown to stimulate isolated dog pari-
etal cells directly; the effect is yet to be demonstrated in man.4

 Cephalic and gastric phase account for most of the meal 
related gastric secretion. The contribution of different compo-
nents of gastric phase, and the extent of potentiation achieved 
by synergistic action of various components is shown in 
Figure 6.4.8.

3. Intestinal Phase
It is fairly certain that an intestinal phase of gastric secre tion 
exists, but the underlying mechanisms are not well established. 
As in case of stomach, presence of the food in the intestine 

Fig. 6.4.7: Neural pathway involved in the gastric cphase of gastric 
secretion.

Fig. 6.4.6: Neural pathway involved in the cephalic phase of gastric 
secretion.

4 This fact is of little physiological relevance in relation to the gastric phase since amino acids are not normally present in the stomach. But it has rel-
evance to the intestinal phase since proteins are broken down to the amino acid level in the small intestine. One mechanism by which these amino acids 
might stimulate gastric secretion is by reaching the parietal cells through circulation. This mechanism is supported by the observation that experimental 
administration of amino acids intravenously stimulates gastric secretion.

Fig. 6.4.8: Contribution of different factors to gastric acid secretion 
during the fi rst two hours after a meal. The observed response is 
greater than the sum of the individual responses to different factors 
due to potentiation.
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also can give rise to two types of stimuli—mechanical and 
chemical. Intact innervation is not essential for mediating the 
effect of either of these stimuli. Therefore both mechanical and 
chemical stimuli are likely to stimulate gastric secretion at least 
partly through a humoral mechanism. The hormone released by 
intestinal distension has not been identifi ed, and has been ten-
tatively named ‘entero-oxyntin’. The major chemical stimuli 
for gastric secretion originating from food in the intestine are 
peptides and amino acids. No hormone need be involved here 
since even intravenous adminis tration of amino acids stimu-
lates gastric secretion. It should be noted, however, that the 
contribution of the intestinal phase to meal-related secretion is 
small and not accurately known.
 While intestinal phase plays only a minor role in stimula-
tion of gastric secretion, presence of food in the intestine plays 
a major role in its inhibition. With the entry of food into the 
duodenum, gastric secretion starts slowing down. Three com-
ponents of food, viz. acid, fat and hyperosmolarity, have been 
shown to inhibit gastric secretion when introduced into the 
intestine. Each of these factors acts partly by neural and partly 
by hormo nal mechanisms.

Neural Mechanisms
Factors associated with food, e.g. osmolarity, stimulate intes-
tinal mucosal receptors. The information is con veyed to the 
central nervous system. After appro priate proces sing in the 
central nervous system, impulses inhi bitory to gastric secre-
tion are conveyed by sympa thetic as well as inhibitory vagal 
nerve fi bres. The refl ex is known as enterogastric refl ex, and 
inhibits not only gastric secretion but also gastric emptying as 
discussed later in the chapter.

Hormonal Mechanisms
Entry of food into the duodenum releases several GI hormones 
which are potentially capable of inhibiting gastric secretion. 
Before any of these was identifi ed, a hypothetical hormone 
‘enterogastrone’ was thought to be responsible for the effect. 
But now we know several hormones which possess some of 
the properties enterogastrone should have. These hormones are 
secretin, CCK, GIP, PYY and neurotensin. The principal prob-
lem with considering this group of hormones as enterogastrone 
is that the levels of these hormones achieved physiologically 
after a meal are lower than those required for inhibiting gas-
tric secretion. However, although physiological levels of indi-
vidual hormones may not be capable of inhibiting acid secre-
tion, several hormones together may inhibit secretion even at 
physiological levels. Currently, somatostatin appears to be the 
strongest candidate for enterogastrone activity. In the absence 
of a defi nitive hormone to account for the humorally mediated 
inhibition of gastric secretion, the tentative term ‘enterogas-
trone’ continues to be used even in current literature.
 These inhibitory mechanisms start applying a brake to gas-
tric secretion while the stimulatory factors arising from the 
stomach and small intestine are still active. But as time passes, 
more and more food passes into the duode num, thereby weak-
ening the stimulatory factors and reinforcing the inhibitory 
factors. As a result, there is a smooth and gradual decline in 

gastric secretion. By the time all food leaves the stomach, gas-
tric secretion also stops.

DIGESTIVE FUNCTION OF GASTRIC SECRETION
It is ironical that the secretion which is regulated so fi nely, and 
a disorder in the regulation of which causes so much misery, 
should have only a minor role in digestion. The digestive activ-
ity of gastric juice is primarily due to pepsin. Pepsin is secreted 
in the form of the precursor pepsinogens. There are several 
varities of pepsinogen which may be distinguished by chemi-
cal or immuno logical methods. In the presence of acid (below 
pH 5), a low molecular weight peptide is split off from pep-
sinogens (Mol. wt. about 42,500) to yield a variety of pepsins 
(Mol. wt. about 35,000). Once some pepsins have been gen-
erated, further conversion of pepsinogens to pepsins proceeds 
autocatalytically. Pepsins are endopeptidases active at acidic 
pH (optimum pH 1.8 to 3.5). Hydrolysis of proteins by pepsins 
continues for about 1 h because that is the duration for which 
suitable pH is available in the stomach. The duration of stay of 
food in the stomach is much longer, however, and is dis cussed 
in greater detail below.

GASTRIC EMPTYING
We eat periodically, but need nourishment continuously. The 
body can tolerate this arrangement partly because of the stom-
ach. A meal which is deposited in the stomach in a matter of a 
few minutes is delivered to the body over several hours. This is 
possible because the stomach expands to accommodate a meal, 
and subsequently empties it into the small intestine at a slow 
rate.

Mechanics of Gastric Emptying
The rate of gastric emptying depends on the difference 
between the intragastric pressure (PG) and the intra duodenal 
pressure (PD), and the resistance offered by the gastrojejunal 
junction (R):

Rate of gastric emptying = 
PG–PD

R
 Since R depends on the size of the particles that have to 
pass through the gastroduodenal junction, the rate of emptying 
is very fast for the liquids, much slower for solid foods, and the 
slowest for indigestible particles.
 For a better understanding of the forces which result in gas-
tric emptying, it is convenient to consider four regions which 
have distinct motor characteristics.
 The proximal stomach serves primarily the function of 
storage by undergoing relaxation commensurate with the 
volume of the meal. This may be expressed more precisely 
by saying that the behaviour of the proximal stomach ensures 
that intragastric pressure rises very little with the entry of food 
in the stomach. Since the pressure rises very little, it might be 
said that the proximal stomach makes essentially no positive 
contri bution to emptying. The distal stomach displays pace-
setter electric potentials and peristaltic motor activity which is 
associated with considerable rise in intragastric pressure. The 
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Peeping in the Stomach

Some of the most vital information on gastric digestion 
was fi rst obtained through experiments conducted on two 
victims of unusual accidents. The fi rst of these accidents 
occurred in 1822. Alexis St. Martin, a young Canadian 
canoeman, was accidentally hit by a bullet which pierced his 
stomach. He refused to undergo surgery for closure of the 
opening. Instead, he allowed it to heal naturally which led 
to fusion of the edges of the gastric opening and the rim of 
the external wound. As time went by, the gastric mucosa 
folded across the opening, forming a valve which could be 
easily depressed from outside. This gave St. Martin’s doctor, 
William Beaumont, an opportunity to observe the inside 
of the stomach. One can imagine the thrill Beaumont must 
have felt when he observed that putting a few bread crumbs 
in the stomach made it redder and droplets of gastric juice 
made their way through the mucous fi lm into the lumen 
of the stomach. Beaumont continued his experiments on 
St. Martin for several years. He consolidated his studies in 
the classic ‘Experiments and Observations on the Gastric 
Juice and Physiology of Digestion’ which was published in 
1833. Alexis St. Martin got married after getting the gun 
shot wound and had seventeen children in all. He lived to be 
nearly eighty, outliving Dr. Beaumont by about twenty fi ve 
years. After Beaumont’s death, another physician, Francis 
Gurney Smith, did further studies on St. Martin. But Smith 
contradicted Beaumont’s fi nding that hydrochloric acid was 
the main acid of gastric juice. Subsequent studies confi rmed 
Beaumont’s fi ndings, and Smith’s work was soon forgotten.
 The second classical case which was studied in a similar 
fashion is that of Tom. When he was nine, his father was 
offered some steaming hot clam chowder (a thick soup 
or stew of seafood) by a neighbour. The father carried it 
home in a pail meant for chilled beer because that was the 
only container at hand. He kept the pail in the kitchen and 
went out, Tom came into the kitchen. He had been play-
ing a lot outdoors, and was very thirsty. He found the sight 
of a chilled beer pail irresistible. He realized his mistake 
while the liquid was still in his mouth, but he did not spit it 

because he was scared of his mother’s reaction. Therefore, 
he swallowed it in spite of it being very hot. The hot fl uid lit-
erally burnt his oesophagus. When he fi nally recovered, his 
oesophageal passage was blocked, and the surgeons made a 
permanent gastrostomy for his feeding. He often chewed his 
food, took it out, and then sent it into the stomach through 
a tube. He had an aversion to doctors. Hence he looked 
after his gastrostomy almost without any medical advice till 
1939 when he was fi fty four years of age. Chronic haemor-
rhage from his stoma resulted in so much blood loss that he 
was forced to consult Drs Wolf and Wolff. It took them a 
lot of time and gentle persuasion to get Tom’s cooperation 
for studies on gastric secretion. Their painstaking observa-
tions on the effects of chemical and emotional factors on 
gastric secretion were summarized in a book published in 
1943, which has now become a classic in physiology. Since 
these studies were done more than a hundred years after 
Beaumont’s studies, they have been done with better tech-
niques, and are most informative.
 There have been several cases of gastrostomy other than 
those of Alexis St. Martin and Tom, but these two have 
taught us the most about gastric physiology. For such stud-
ies to be conducted fruitfully, the apropriate opportunity 
is necessary but not suffi cient. In addition to having a gas-
trostomy, the subject should be willing and cooperative, and 
be in a position to spare the time required. At least equally 
important is a doctor with healthy curiosity and the urge 
and ability to design and execute rewarding experiments. 
In short, to modify Sir William Osler’s celebrated quote a 
little, man and opportunity should meet.
 The importance of the prepared mind stands out 
throughout the history of science. Accidental discoveries 
are not as accidental as they seem. Many bacterial cultures 
failed to thrive because of fungal growth, but it needed 
Alexander Fleming’s prepared mind to use the accident for 
the discovery of penicillin. Nature presents opportunities to 
many, but only a few are able to use them for the growth of 
science.

functional consequences of this rise in pressure depend upon 
the state of the third region, the gastroduodenal junction. If the 
resistance at the junction is very high, much of the advancing 
stream of gastric contents is squirted back into the stomach, 
resulting in triturition (grinding) and mixing of food, but very 
little emptying. Even when the gastroduodenal resistance is at 
its lowest a substantial fraction of solid food is squirted back 
into the stomach. That is one reason why the process of empty-
ing takes a long time5, and all solid food is redu ced to particles 
about 0.1 mm in size before it is delivered to the duodenum. 
The fourth region is the duodenum, which undergoes recep-
tive relaxation to receive the gas tric contents in coordination 

with the gastric peristaltic wave. Relaxation leads to a fall in 
the intra duodenal pressure. Thus the gastroduodenal pressure 
gradient (PG–PD) depends upon the relative strength of the gas-
tric peristaltic wave and the duodenal relaxation. The resist-
ance offered by the gastroduodenal junction (R) is also subject 
to change depending upon the tone of the smooth muscle con-
stituting the region.

Regulation of Gastric Emptying
Once the stomach fi lls up, progressive emptying is a rela-
tively simple affair. Stretching of the gastric smooth muscle 
stimulates it to contract. The intramural nerve plexus ensures 

5 You shall know more reasons by the time you fi nish this chapter.
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that it is well coordinated and effective. The direct smooth 
muscle response to stretch is reinforced by a vago-vagal refl ex. 
Contractile waves of the stomach are accompanied by recep-
tive relaxation of the duodenum. Thus the food is propelled 
from the stomach into the duodenum. What is more complex 
is the host of inhibitory factors which apply a gentle and reg-
ulated brake to emptying in order to allow adequate time for 
neutralization of acid and digestion of nutrients in the small 
intestine. The factors which ensure that the stomach is emptied 
at a rate which is just right for the small intestine to handle, 
belong to the two major regulatory mechanisms of the body, 
viz. neural and humoral, and are activated, quite understand-
ably, either in the stomach or the duodenum. Since the dura-
tion required for handling by the small intestine varies with the 
amount and nature of food, food triggers the gastric and duo-
denal mechanisms which govern the rate of gastric emptying.
 The entry of food distends the stomach, which stimu lates 
vagal stretch receptors, thereby evoking an inhibitory vago-
vagal refl ex. This refl ex is further reinfor ced by gastrin, which 
is also released by the presence of food in the stomach, both as 
a result of distension, and the specifi c effect of protein diges-
tion products. Although distension inhibits gastric emptying, 
the volume of a meal is not mathematically related to the rate 
of emptying. On the contrary, within certain limits, the rate of 
emptying is independent of the volume of the meal.6

 Proteins, fats and carbohydrates also have a duodenal site 
of action. They release CCK and GIP from the duo denum, 
which have the overall effect of decreasing gastric emptying. 
Isocaloric amounts of the three major nutrients—proteins, fats 
and carbohydrates—produce equal degree of slowing of gastric 
emptying. Hence the rate of emptying is inversely related to the 
caloric density of a meal.7 However, in spite of slower empty-
ing, a meal with higher caloric density delivers more calories 
per unit time to duodenum.
 The osmolarity of food also profoundly affects gastric 
emptying. Hypertonic solutions are emptied slower than isot-
onic solutions; pure water is also emptied slower than an isot-
onic saline solution. Duodenal polymodal receptors, which are 
sensitive to hypo and hypertonic solutions (besides being also 
sensitive to many other types of stimuli) may play a role in 
mediating this effect. Along with the food, the acid secreted by 
the stomach also enters the duodenum. The presence of acid in 
the duodenum stimulates release of secretin, and possibly also 
an enterogastric refl ex, which inhibit gastric emptying. The 
various factors involved in regulation of gastric emptying have 
been summarized in Table 6.4.2.

CONCLUSION
We have moved a long way since John Hunter (1729-1793), 
an eminent English surgeon told his students, “Some physiolo-
gists will have it that the stomach is a Mill—others that it is a 

Fermenting Vat—others again that it is a Stew pan—but in my 
view of the matter it is neither a Mill, a Fermenting Vat, nor a 
Stew Pan—but a Stomach, Gentlemen, a Stomach”. This was 
his way of telling them that we did not know what the stomach 
did. Although a lot still remains to be learnt about the func-
tions of the stomach, we do know that it has mechanical as well 
as digestive functions. It helps in accommodating large meals, 
breaks food into smaller particles, mixes it with its secretions 
and initiates the process of protein digestion. All these func-
tions are remarkably well coordinated with one another, and 
utilize relatively few regulatory mechanisms for the purpose. 
This arrangement economizes on effort while at the same time 
ensuring in built coordination.

QUESTIONS AND PROBLEMS
1. How is the acid secreted by the stomach removed after it 

has served its function?
2. Secretin and cholecystokinin, which normally inhibit acid 

secretion, have a stimulatory effect on pepsin secretion. 
What is the possible physiological relevance of this differ-
ence in effect?

3. What is the rationale behind including more fat in a meal 
when delay in the next meal is anticipated?

4. If the stomach is removed surgically, what are the most 
important symptoms?

ANSWERS AND SOLUTIONS
1. It is removed by a combination of back diffusion and neutra-

lization by alkaline secretions of surface cells, pancreas and 
the biliary tract.

2. Secretin and cholecystokinin are released in response to 
entry of acid and food into the duodenum. At this point, it 
is important to apply a brake to acid secretion to (a) prevent 
gastric mucosal damage, and (b) facilitate neutralization of 
acid in the duodenum. But the acid already secreted will 

Table 6.4.2: Factors regulating gastric emptying

Factors which increase the rate of emptying
Factor Mechanism
Food (distension) Intrinsic nerve plexus
 Vagal refl exes

Factors which decrease the rate of emptying
Factors Mechanism
Food (distension) Vagal inhibitory refl exes
 Gastrin
Food (protein) Gastrin
Food (fat, protein and CCK
carbohydrate) GIP
Acid in the duodenum Secretin
 Enterogastric refl ex

6 Students with a fl are for quantitative treatment would fi nd the mathematical treatment of this phenomenon provided by Hunt and Stubbs interesting 
(J Physiol 1975; 245: 209-255).
7 This statement holds only if all other factors are equal. Although a high fi bre meal has a low caloric density, it is emptied slower than an isocaloric fi bre-
free liquid meal. That is because fi bre makes the meal viscous, and then it is treated like a solid meal.
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allow peptic digestion of food still present in the stomach to 
continue provided pepsin secretion continues. That seems 
to be the benefi t of the differential effect of secretin and 
CCK on acid and pepsin secretion.

3. Fats provide more calories per unit weight than other nutri-
ents. Therefore, weight for weight, fats slow gastric empty-
ing more than other nutrients.

4. During the early postoperative period, the symp-
toms are due to loss of storage function of the stom-
ach. Later on, the person gets adjusted to this loss to 
some extent, but the stored vitamin B12 gets used up. 
Since absorption of vitamin B12 is poor after removal of 
the stomach due to absence of intrinsic factor, vitamin 
B12 deficiency anaemia becomes the most prominent 
feature.
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6.5
Pathophysiology of

Peptic Ulcer

Peptic ulcer is a disorder resulting from autodigestion of the 
gastric or duodenal mucosa by gastric juice. On refl ecting a 
little, it does not appear surprising why a few of us get a peptic 
ulcer; what is really surprising is how so many of us escape the 
effect of so corrosive and potent a secretion as the gastric juice. 
A normal healthy mucosa in the region exposed to gastric juice 
depends upon a proper balance between acid secretion and pro-
tective mechanisms. In general, patients with duodenal ulcer 
(DU) primarily have excessive secretion, while those having 
gastric ulcer (GU) primarily have impaired mucosal defence 
mechanisms. There are several possible causes for the imbal-
ance between secretion and defence. Accordingly there are per-
haps several subsets of patients with peptic ulcer, each with a 
different basic cause underlying the imbalance.
 Many of these causes are genetic in that they are inherent 
in the constitution of the individual, and a few are environmen-
tal. While the role of secretory and protective mechanisms in 
striking a healthy balance is obvious, the role of neuromuscular 
coordination in achieving this balance has been recognized rel-
atively recently. For the secretion-defence balance to be effec-
tive, it is essential that secretion should stay in the stomach 
only as long as food is available in the stomach to act on, and 
at the same time, it should empty into the duodenum no faster 
than it can be neutralised by the pancreatic and biliary secre-
tions. A deviation from this ideal rate of emptying could cause 
an imbalance between secretion and defence mechanisms. 
Alternatively, poorly coordinated gastroduodenal motility may 
result in undue refl ux of corrosive biliary secretions into the 
stomach. The role of abnormal motility in patho physiology 
of peptic ulcer has so far been under-estimated owing to our 
ignorance.
 The secretory mechanisms have been dealt with in detail 
in the preceding chapter. Factors which protect the mucosa, 
and circumstances which tilt the secretion-protection balance 
adversely, are discussed in this chapter.

MUCOSAL PROTECTIVE MECHANISMS

The precise nature of the defence mechanisms is not settled but 
it seems to have several components.1 The relative importance 
of individual components is also controversial.

1. Mucus
Mucus has been termed the skin of the gut by Sir Francis Avery 
Jones. Claude Bernard, in 1856, compared gastric mucus to a 
porcelain vase fi lled with gastric juice. Chemically, mucus con-
tains high molecular weight glycoproteins. The protein moiety 
forms the backbone of the glycoprotein molecule, and to it are 
attached about 600 carbohydrate side chains. The three dimen-
sional structure of the glycoprotein molecule has been com-
pared by Allen to a bottle brush, where the carbohydrate side 
chains are analogous to the bristles. It is easy to imagine that 
such a structure would be intensely hydrophobic and sponge 
like; more than 95 per cent of mucus is water.
 For mucus to act as an effective barrier in the stomach, the 
molecular structure of the glycoproteins as well as their three-
dimensional organization in the mucus gel seem to be impor-
tant. Mucus seems to act as a barrier to both enzymes and 
acid. Its three-dimensional structure would make it relatively 
impermeable to large mole cules, such as enzymes. Further, it 
reduces turbu lence in the solvent within the gel, allowing a 
stable pH gradient to be maintained. As HCl diffuses through 
the mucus, it comes in contact with the bicarbonate secreted 
by the mucosa, and gets neutralised. There is thus a pH gradi-
ent from the lumen towards the surface of the mucosal cells, 
the pH reaching a harmlessly high level by the time the gastric 
juice comes in contact with gastric cells. The rise in pH also 
serves to inactivate pepsin. While acid and pepsin get inacti-
vated while passing through the mucus, some mucus also gets 
degraded by acid and pepsin. The mucus so lost is replenished 
by fresh secretion. A healthy mucus barrier is thus the result of 

1 The term gastric mucus barrier is self-explanatory: it refers to the slowing of diffusion from the gastric lumen towards the mucosa due to mucus. A 
similar term, gastric mucosal barrier, refers to the ability of the stomach to maintain a difference in electrical potential and ionic concentration across 
the mucosa. It is thus a functional term, the anatomical counterpart of which is uncertain. The postulated components of the mucosal barrier are mucus 
itself, mucosal epithelium and tight junctions between epithelial cells. Sometimes, however, the term mucosal barrier is used to describe only the epi-
thelium and tight junctions. In order to avoid confusion, in this chapter, the term mucosal barrier will be avoided. Instead, the expressions mucosal 
defence mechanisms or mucoprotective mechanisms will be used to describe, collectively, the factors which tend to prevent injury to the gastric mucosa. 
Individual defence mechanisms will be described by appropriate specifi c terms or expressions.
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a dynamic equilibrium between mucus production and mucus 
destruction.
 Mucus production is subject to regulation by neuro humoral 
factors. As may be expected, the regulation is linked up with 
the regulation of acid and pepsin secretion in such a way that 
mucus secretion is maximum when needed the most. Secretion 
of gastric mucus is stimulated by vagal stimulation as well as 
by secretion, which ensures adequate protection right from 
the beginning of a meal till neutralization of acid in the small 
intestine. Mucus lines the mucosal surface and pits, but does 
not cover the gastric glands. Therefore, it is unlikely to pro-
tect these from the digestive effects of acid and pepsin. They 
are possibly protected by other defence mechanisms discussed 
next.

2. Prostaglandins
Prostaglandins (PGs) are ubiquitous compounds synthe sized in 
virtually every mammalian cell. Therefore, their mere presence 
in a tissue is not adequate as evidence of their functional role. 
Substantial information is available, however, which indicates 
that in the stomach, PGs play a role in defending the mucosa 
against autodigestion.
 Several PGs of the E, A and I type inhibit gastric acid 
secretion. The action has been demonstrated in animals as well 
as man, and is shown by natural as well as synthetic analogs. 
Whereas naturally occurring PG must be injected for observing 
the antisecretory effect, synthetic analogs display this property 
even when given orally. It has also been shown that PGs are 
released in the stomach during vagal or gastrin stimulation. 
Since vagus and gastrin stimulate acid secretion, this sug-
gests that PG may provide an inherent control which limits the 
amount of acid secreted.
 A property of PG, which has generated far more interest 
than their antisecretory action is their ability to protect the gas-
tric mucosa against the action of harmful agents such as aspi-
rin, nonsteroidal anti-infl ammatory compounds (NOSAC), cor-
ticosteroids and ethanol. This ability has been termed ‘cytopro-
tection’ by Andre Robert. Cytoprotection is not secondary to 
inhibition of acid secretion because the amount of PGs needed 
for it is much less (may be 1 per cent or even less) than the 
antisecretory dose. Further, cytoprotection is shown by even 
those varieties of PG which have no antisecretory action.
 The mechanism by which PGs protect gastric mucosal 
cells from injury is not certain but it has been suggested that 
PGs are a form of replacement therapy. Some noxious agents, 
e.g. aspirin and indomethacin, inactivate cyclo oxygenase, the 
enzyme required for biosynthesis of PG. Prednisolone inhib-
its the enzyme phospholipase A, which releases arachidonic 
acid from phospholipids. Arachidonic acid is the raw material 
for biosynthesis of PG. Thus aspirin, indomethacin, as well as 
prednisolone may be expected to reduce the biosynthesis of 
PG. It has been hypothesized that exogenously administered 
PG provide a replacement for defi ciency of endogenous PG, 
and thereby protect gastric cells. To explain cyto protec tion 
against agents like ethanol, which do not inhibit endogenous 
PG synthesis, it has been proposed that normally available PG 
can protect against only normal insults. Unusual or unphysi-
ological attacks by necro tizing agents like ethanol can be 

thwarted only if PG levels are raised to unphysiologically high 
levels by exogenous administration.
 Although the above hypothesis explains the inter action 
between PGs and noxious agents, it does not explain how PGs 
work. The cellular and molecular basis of cytoprotective action 
of PGs is not known but several hypotheses are available. 
Some of the most plausible suggestions are:
i. PG may offer cytoprotection by stimulating mucus 

secretion.
ii. PGs stimulate the Na pump which transports Na ions across 

the mucosal cells into the submucosa, thereby facilitating 
Na transport from the mucosal side to the serosal side. On 
the other hand, indo methacin inhibits this pump, creating 
condi tions for intracellular accumulation of Na, which in 
turn would lead to osmotic swelling and cellular injury. PG 
would inhibit this sequence of events by stimulating the Na 
pump.

iii. PGE stimulates formation of cAMP almost exclu sively in 
nonparietal cells in the stomach. This may be related to 
cytoprotection.

iv. PG may stimulate alkaline secretion by nonparietal cells of 
gastric mucosa.

v. PG may tighten the gastric mucosal barrier by tightening 
the intercellular junctions.

3. Epithelium
There are at least three features of gastric epithelium which 
suggest its participation in protecting mucosal integrity. First, 
its permeability is extremely low. That allows an enormous dif-
ference in hydrogen ion concen tration and a substantial differ-
ence in electrical potential across the mucosa. The structural 
feature responsible for the low permeability is not known, 
but the tight junc tions between epithelial cells are commonly 
considered to be a strong candidate. Secondly, rapid turnover 
of the gastric mucosal epithelium has itself been considered a 
defence against injury. It ensures that an injured cell would be 
promptly replaced by a healthy cell before it has led to substan-
tial damage. This view is supported by the frequent occurrence 
of peptic ulcer in patients who are taking drugs which suppress 
cell division as treatment for cancer. Finally, the epithelium 
secretes mucus and PG and bicarbonate which are all protec-
tive factors.

4. Bicarbonate Secretion
Surface epithelial cells of the gastric mucosa secrete bicarbo-
nate, which remains essentially confi ned to the mucus lining. 
The bicarbonate ions neutralise the acid present in gastric juice 
as it diffuses through the mucus towards the mucosal epithe-
lium. Thus bicarbonate ions help in reducing the amount of 
acid which reaches the gastric mucosa.

5. Duodenal Protection
All the factors mentioned above protect the stomach from the 
adverse effect of its own secretion. But a consi derable amount 
of acid secreted by the stomach enters the duodenum. The 
duodenum also has a thick mucus lining, and PG may confer 
some protection on it, but an important protective factor in the 
duodenum is the rapid neutralization of acid by the alkaline 
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pancreatic and biliary secretions. It has already been discussed 
in the last chapter how neurohumoral factors regulate gastric 
emptying to match the rate of neutralization of acid in the duo-
denum. Further, all factors which inhibit gastric acid secretion 
protect the duodenum by limiting the amount of acid delivered 
to it.
 The primary mucoprotective mechanisms appear to be 
mucus, prostaglandins, and the epithelium itself. In addition, 
every factor which limits or inhibits acid secretion, or neutral-
izes acid, may be considered to protect the mucosa from the 
effects of excessive acid secretion (Chapter 6.4). A weaken-
ing of any of these mechanisms would predispose to peptic 
ulceration.

PATHOGENESIS OF PEPTIC ULCER
Peptic ulcer develops as a result of an adverse tilt in the bal-
ance between secretion and protective mechanisms. Therefore, 
the factors which contribute to the develop ment of a peptic 
ulcer may be considered under two headings: those which 
promote acid secretion, and those which impair the protective 
mechanisms.

Factors which Increase Secretion
Some secretion is a must for development of a peptic ulcer. 
For all practical purposes, the dictum is: no secre tion, no ulcer. 
Excessive secretion is considered to be a feature of patients 
having a duodenal ulcer. But this is true only as a general state-
ment; the basal as well as maximal acid output of more than 
half the patients having a DU are within the normal range. In 
case of GU, in contrast, almost all patients have either normal 
or subnormal secretion.

1. Genetic Factors
Duodenal ulcer is not a clearly hereditary disease like hae-
mophilia. But patients often show apparently geneti cally 
determined peculiarities which clearly predispose to a peptic 
ulcer. For instance, the maximal acid output (MAO) may be 
abnormally high, suggesting an increased parietal cell mass. 
Alternatively, the postprandial gastrin response may be stronger 
than normal, or inhibition of gastrin release by intragastric acid 
may be weaker than normal. In some patients with DU, even 
when MAO is the same as in matched controls, the secretory 
response to gastrin is often greater than normal. Many of these 
physio logical peculiarities may be the result of charac teristic 
inheritance.2 Peptic ulcer is more common in blood group O 
and in ‘non-secretors’. There is no evidence that the blood 
group or secretor status per se predispose to the disease. It is 
possible that the genes controlling blood group are linked to 

those predisposing to peptic ulce ration. The role of independ-
ent genetic factors for GU and DU is suggested by the fact that 
GU and DU are three times more common among fi rst degree 
relations of GU and DU patients respectively than in the gen-
eral population. But the occurrence of DU among relatives of 
GU patients is the same as in the control population; same is 
true of the occurrence of GU among relatives of DU patients.

2. Psychosomatic Factors
Peptic ulcer (PU) is often seen in highly ambitious persons 
engaged in occupations involving extraordinary mental stress. 
Recurrence of PU is often seen during periods of long-standing 
emotional stress suggesting that psychological factors may be 
involved in its causation. Support for this hypothesis is pro-
vided by observations made by Wolf and Wolff in the 1940s 
on the classical patient Tom, who had accidentally acquired a 
window in his stomach.3 It was seen that anxiety and the con-
fl icting feelings associated with it were invariably accompa-
nied by hyperaemia, hypersecretion and hypermotility of the 
stomach. Prolonged emotional tension led to sustained hyper-
function of the stomach.
 How the upheavals of the mind get transmitted to the stom-
ach is not certain but the vagus nerve is likely to be involved. 
Autonomic nerves are infl uenced by those higher centres of 
the brain which are the seat of emotions (principally the limbic 
system including the hypo thalamus). Therefore emotional 
stress often leads to an imbalance of the two divisions of the 
autonomic nervous system—sympathetic and parasympathetic. 
Long-term emotional stress may lead to persistent enhanced 
activity of the vagus nerve, sometimes known as increased 
vagal tone. When the vagal impulses reach the stomach, it is 
not possible for the stomach to distinguish whether they are due 
to presence of food in the stomach, or due to emotional stress. 
The stomach, therefore, responds indiscriminately to either 
type of vagal impulses by elevated secretion. When secretion 
takes place in response to food, it acts on the food, spar ing the 
gastric mucosa. But secretion taking place in absence of food 
can neither be buffered by food nor can it act on food. The 
result is that it may break through the mucoprotective mecha-
nisms causing ulceration. Such diseases where mental stress 
manifests as a physical illness are known as psychosomatic 
(psyche, soul; soma, body) diseases.
 An interesting question which may be asked in rela tion to 
any psychosomatic disease is why all individuals experi encing 
equivalent mental stress do not get it. The answer seems to 
lie in susceptibility, which is perhaps genetically determined. 
Mental stress is associated with several illnesses, but the illness 
which a given individual gets is the one to which he or she is 
specially susceptible. The weak points differ from individual to 

2 There are two concepts prevalent about the mode of inheritance of peptic ulcer. The classical concept is that of polygenic inheritance which implies that 
predisposition to disease is dependent on the effects of a large number of genes, each of which makes only a small contribution to the predisposition. 
Since the contributing genes are not inherited as a set, but rather independently, there is in the population a continuous spectrum of individuals display-
ing varying grades of susceptibility to the disease. But, according to Rotter and Rimoin, in case of peptic ulcer a more plausible model is that of genetic 
heterogeneity, which implies that individual patients of peptic ulcer are genetically heterogenous. They inherit in a simple Mendelian fashion one or 
more out of a group of genetic abnormalities. Thus one patient may have inherited an abnormally large parietal cell mass, another an abnormally large 
postprandial gastrin response, and yet another an abnormally weak inhibition of gastrin secretion by intragastric acid. All these patients are united by a 
similar clinical picture but have, in fact, separate disease entities.
3 For some historical details about Tom, and another similar patient, Alexis St. Martin, see Chapter 6.4.
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individual. Thus with equivalent mental stress, one person gets 
a peptic ulcer, another an irritable bowel, and yet another gets 
arterial hypertension. Psychosomatic diseases are no exception 
to the general principle that when challenge exceeds the capac-
ity of the body to fi ght it, there results an illness.

3. Food
Although some items consumed as food, such as alcohol, 
cola drinks, tea and coffee (even the decaffeinated varie ties) 
increase gastric secretion, their role in pathogenesis of PU is 
doubtful.

4. Rapid Gastric Emptying
Rapid gastric emptying increases the impact of acid secreted 
by the stomach on the duodenum. If the acid enters the duo-
denum faster than it can be neutralised, the net effect on the 
duodenum is as if the acid secretion is increased. Other factors 
being equal, rapid gastric emptying may also be due to genetic 
factors.
 In short, DU seems to result from a combination of genetic 
and environmental factors. In a susceptible individual, mental 
stress, and perhaps an unsuitable diet, can combine to produce 
an ulcer (Fig. 6.5.1).

Impaired Mucosal Defence
Gastric ulcer is often associated with normal or dimi nished acid 
secretion. Therefore impaired defence mechanisms are likely 
to be the dominant factor in pathogenesis of GU. Although it 
is an attractive hypo thesis to assume a quantitative or qualita-
tive defect in mucus in GU, evidence for it is bleak and contro-
versial. Better evidence is available for the exogenous agents 
which impair mucosal defence. Many of these agents are the 
same as those which increase gastric secretion. As a result, 
in spite of different underlying mechanisms, the aetiology of 

DU and GU tends to look similar. Further, excessive acid and 
pepsin secretion can itself impair mucosal defence by altering 
the organization of the gel structure of gastric mucus.

1. Defective Mucus
While in DU, excessive secretion may alter the three- dimen-
sional organization of the mucus gel, in some cases of GU, 
the structure of mucus glycoproteins seems to be defective. 
Defective mucus alters the delicate and dyna mic equilibrium 
between secretion and muco protective mechanisms.

2. Drugs
Several commonly used drugs predispose to peptic ulcera-
tion through their adverse effects on muco protective mecha-
nisms. Aspirin, the most common of these, and also some 
non-steroidal anti-infl ammatory com pounds (NOSAC), such 
as phenylbutazone, have been shown to reduce the synthe-
sis of mucus, bicarbonate and prostaglandins, and to alter the 
composition of mucus. Corticosteroids and corticotropin have 
also been shown to reduce the carbohydrate content of mucus 
glycoproteins.

3. Alcohol
Alcohol reduces the synthesis of mucus as well as bicarbonate 
in the stomach.

4. Food
The role of food in GU seems to be minor, if at all. In India, 
the incidence of PU is higher in the southern parts of the coun-
try than in the northern parts, which may be due to the south 
Indian food containing more spices or less dietary fi bre. It has 
been suggested that fi bre helps by making the food need more 
chewing, which in turn increases salivary secretion, which has 
both alkali and mucus. But alkali in the stomach stimulates 
gastrin release and acid secretion, and intraluminal mucus is 
unlikely to be protective. Therefore, it is not surprising that the 
fi bre theory fi ts the distribution of disease in India but not in 
Africa. Some uncooked vegetables have also been shown to 
protect against peptic ulcer.

Tense within, Calm Without

The nature of mental stress which predisposes to duodenal 
ulceration has been described elegantly by Arthur Hailey in 
his novel ‘Airport’ while discussing the situation of air traffi c 
controllers. An air traffi c controller has to form a mental 
picture of the position, speed, altitude and direction of each 
plane within his range. It is a picture which is constantly 
changing; not only has the controller to keep pace with the 
change, he also has to instruct the pilots to ensure that they 
land or take off in a reasonable sequence without a collision. 
This is possible only by getting deliberately tense. What 
makes the torture even worse is that none of this tension 
should be conveyed to the pilot. This combination of ten-
sion within and calmness without for hours at a stretch, day 
after day, continuing for years, can be really nerve-wrecking, 
and it is no wonder that psychosomatic disorders are more 
frequent among air traffi c controllers than in the general 
population.
 Although the case is well argued, it should be pointed 
out that the evidence for higher incidence of hypertension 
among air traffi c controllers is stronger than for higher inci-
dence of duodenal ulcer.

Fig. 6.5.1: Mechanisms by which stress, genetic susceptibility and 
certain foods might predispose to duodenal ulcer. 
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5. Smoking
Smoking reduces mucus and pancreatic secretion, impairing 
the protective capacity of the stomach and duodenum respec-
tively. Smoking also reduces pyloric sphincter pressure, allow-
ing refl ux of duodenal contents into the stomach. Detergent 
properties of bile salts have a deleterious effect on gastric 
mucus. Thus smoking impairs mucosal defence through mul-
tiple mechanisms.

6. Stress
Observations on Tom, the classical subject with gastro stomy, 
revealed that an acute alarm reaction involving fear is associ-
ated with transient but intense ischaemia and hyposecretion of 
the stomach. Focal ischaemia of the gastric mucosa may result 
in breakdown of the mucosal epithelial barrier and consequent 
back-diffusion of HCl from the lumen into the mucosa, thereby 
damag ing the mucosa. Ischaemia may also cause defective 
biosynthesis of mucus, and defective proliferation of mucous 
cells, thereby aggravating the effect of back diffusion of acid. 
This explanation of stress ulcers in the stomach has consider-
able experimental and clinical evidence to support it.

7. Refl ux
Duodenal contents, particularly bile salts, are highly corrosive 
to the stomach because they dissolve mucus. If some neu-
romuscular incoordination in the gastro duodenal region pro-
duces refl ux of duodenal con tents into the stomach, it would 
impair the protective mechanisms and predispose to gastric 
ulceration.

8. Delayed Gastric Emptying
If gastric emptying is abnormally slow, the stomach would 
be exposed to its own secretion for abnormally long, thereby 
increasing the risk of the protective mechanisms being broken 
through.

9. Helicobacter pylori
Helicobacter pylori is an extremely common resident of the 
stomach, being present in up to 90% of the adults. But most of 
the time, H. pylori infection does not cause any symptoms. On 
the other hand, 90% of persons having a duodenal ulcer, and 
70% of those having peptic ulcer have H. pylori infection even 
in populations where H. pylori infection is much less common. 
The association between H. pylori infection and peptic ulcer 
may now be considered well established. The mechanism by 
which the infection predisposes to peptic ulcer is not so clear, 
but multiple mechanisms may be involved. H. pylori organ-
isms live in close contact with the gastric epithelium and 

induce chronic gastritis, which in turn impairs gastric mucosal 
defence against acid and pepsin. There are also indications that 
H. pylori infection increases gastrin secretion, which in turn 
increases gastric acid production. Thus H. pylori infection may 
predispose to peptic ulcer by both impairing muscosal defence 
and stimulating acid secretion.
 In short, as in case of excessive secretion, the defence 
mechanisms may be intrinsically weak due to genetic fac-
tors. If such an individual is exposed to adverse environmen-
tal circumstances, he runs a very high risk of developing an 
ulcer. Each type of genetic predis position favouring a peptic 
ulcer may be considered a separate entity; the combination 
of environmental factors which precipitate the disease would 
further multiply the subtypes into which ulcer patients may be 
divided. Thus peptic ulcer includes a wide variety of diseases 
which are generally considered together partly because the end 
result is not equally diverse, and partly because our diagnostic 
tools are not sharp enough to identify each subtype with preci-
sion. However, awareness of the heterogeneity of the condition 
would help us progress towards tailor-fi tting the treatment to 
the individual patient.

QUESTIONS AND PROBLEMS
1. Explain how abnormally rapid as well as slow gastric emp-

tying may contribute to the development of peptic ulcer?
2. Explain briefl y why a patient with duodenal ulcer may be 

advised to take:
 a. frequent meals
 b. small meals
 c. antacids
 d. H2 receptor antagonists or proton pump inhibitors
 e. prostaglandins
 f. parasympatholytics
 g. antibiotics

ANSWERS AND SOLUTIONS
1. See the text.
2. a. In order to have some food always available in the stom-

ach to be acted upon by the acid.
 b. To avoid overeating in spite of frequent meals.
 c. To neutralise the acid.
 d. To reduce acid secretion.
 e. To reduce acid secretion and to confer cytoprotection.
 f. To reduce acid secretion and to relieve smooth muscle 

spasm.
 g. To eliminate Helicobacter pylori.
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6.6
Neighbourly Gestures of 
the Pancreas and Liver

The entry of food into the duodenum is taken due notice of by 
its neighbours. The pancreas and liver learn about the entry of 
food into the duodenum through the same neurohumoral mech-
anisms which convey this infor mation to the stomach. The 
effect of these signals on the stomach is to reduce its secretion. 
Their effect on the pancreas and liver, in contrast, is to deliver 
their secre tion into the duodenum. These secretions have a 
marked infl uence on the chemistry of intestinal contents. Food, 
the digestion of which barely begins in the stomach, is almost 
completely digested by the pancreatic juice with the assistance 
of bile.

THE PANCREAS AND ITS SECRETION
Pancreas is essentially two organs in one—an exocrine diges-
tive gland, and an endocrine gland1. Here we are concerned 
only with the exocrine functions of the pancreas. The exocrine 
part of the pancreas is organized in the form of a racemose 
gland. Its functional units are called acini (singular, acinus), 
the ducts of which converge into larger and larger ducts, even-
tually joining the main pancreatic duct. The ducts within the 
gland lobule are known as intralobular ducts. These ducts 
leave the lobules and converge to form larger ducts known as 
extralobular ducts. The cells which are important as sources 
of pancreatic secretion are the acinar cells, centroacinar cells 
and duct cells. Acinar cells constitute the acini whereas centro-
acinar cells are present in the fi nest ducts of the pancreas. The 
acinar cells show all the features suggestive of synthesis and 
secretion of a large amount of protein, viz. extensive endoplas-
mic reticulum, numerous ribosomes, a well-developed Golgi 
apparatus, zymogen granules, and microvilli on the secretory 
surface. The cells show cyclic changes synchro nous with secre-
tion. Following a meal, the zymogen granules are depleted 
in number and size as a result of secre tion. Such a cell has a 
more prominent Golgi appa ratus. The zymogen granules are 
replaced and reple nished between meals. Centroacinar cells are 
smaller than acinar cells and do not have zymogen granules, 
but they possess microvillar processes. Their structure, and the 

presence in them of carbonic anhy drase, suggest their involve-
ment in fl uid and electrolyte secretion. The duct cells make a 
major contribution to the volume and electrolyte composition 
of the pancreatic secretion.
 The pancreatic juice is isotonic to plasma and its pH is 
alkaline. It contains, besides enzymes, water and several elec-
trolytes. The principal cations are sodium and potassium. The 
sodium concentration in the pancreatic juice is 10-14 mmol 
higher than in the plasma; potassium concentration is nearly 
the same as that of plasma. The principal anions are chloride 
and bicarbo nate, the sum of whose concentrations approxi-
mates the sum of sodium and potassium concentration. The 
individual concentration of chloride and bicarbonate ions is 
related to the secretory rate which may be explai ned in at least 
three ways:
i. Bicarbonate and chloride ions are secreted by two differ-

ent types of cells, and their concentrations in the pancreatic 
juice depend upon the relative contributions of the two cell 
types.

ii. Both bicarbonate and chloride are secreted by the same cell 
type but the ratio of the two in the secretion depends upon 
the rate of secretion.

iii. The primary pancreatic secretion contains bicarbo nate, 
but as the juice traverses the ducts, some bicarbonate is 
exchanged for chloride. Slower the rate of secretion, more 
is the time available for exchange.

 Experimental evidence favours principally the fi rst hypoth-
esis, known as the two-component hypothesis. Nearly total 
destruction of acinar cells can be achieved in rats placed on 
copper-defi cient diet containing penicillamine. These animals 
do not secrete enzymes, but still retain the capacity to secrete 
bicarbonate. Micropuncture studies reveal that the closer the 
site of collection to the acini, the higher is the chloride con-
centration. Thus it seems the acini secrete primarily a juice 
containing enzymes; the bicarbonate and chloride concen-
tration of this secretion is nearly the same as that of plasma. 
The intralobular ducts secrete a fl uid, the chloride concentra-
tion of which is similar to that of plasma, but the bicarbonate 

1The two parts of the pancreas are functionally distinct but are developmentally related not only to each other but also to the gut. The pancreas develops 
as a pair of outpouchings from the endodermal lining of the duo denum. As development proceeds, the two out pou chings fuse and both develop exocrine 
and endocrine elements. Development of both exocrine and endocrine elements is not as bizarre as it looks at fi rst sight because the gut, from which the 
pancreas develops, also has both exocrine and endocrine glandular elements.
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concentration is about double that of plasma. In the extralobu-
lar ducts, this secre tion is modifi ed by two processes. First, a 
large volume of bicarbonate-rich and chloride-poor secretion 
is added to the secretion of acini, centroacinar cells and intral-
obular ducts. Secondly, some chloride in the incom ing secre-
tion is exchanged for bicarbonate. The net result of both these 
processes is a fall in chloride and a rise in bicarbonate con-
centration as the secretion approaches the main duct. If the 
rate of secretion is increased, as by secretin stimulation, the 
relative contribution of extra lobular ducts to the fi nal secretion 
increases. Corres pondingly, the impact of the processes going 
on in the extralobular ducts also increases. Hence the bicarbo-
nate concentration rises and the chloride concentration falls as 
the secretory rate increases.
 The enzymes in the pancreatic juice are:
1. amylase
2. trypsin
3. chymotrypsin
4. elastase
5. carboxypeptidase A
6. carboxypeptidase B
7. lipase
8. colipase
9. cholesterol esterase
10. phospholipase
11. ribonuclease
 All proteolytic enzymes are secreted in a precursor form, 
and require activation.

Regulation of Pancreatic Secretion
Pancreatic juice is by far the most potent digestive secretion. 
When food enters the duodenum, only a part of protein and 
hardly any carbohydrate is digested. After the action of pan-
creatic juice, fat is ready for absorption and so is a substantial 
part of protein; carbohydrate and the partially digested protein 
also need only a few fi nishing touches prior to absorption. That 
is why digestive disturbance is signifi cant if pancreatic juice is 
defi cient (Chapter 6.11). The details of carbohydrate, protein 
and fat digestion will be discussed in the next chapter.
 In view of the importance of pancreatic secretion in diges-
tion, it is important to understand the regulatory mechanisms 
that switch the pancreatic secretion on when it is needed, and 
switch it off when it has done its job. But unfortunately, our 
understanding of the regulation of pancreatic secretion is not 
as good as that of gastric secretion. The relative importance 
of various factors that regulate pancreatic secretion has also 
undergone rather marked swings in the course of just a few 
decades. The mechanisms which are currently thought to infl u-
ence pancreatic secretion substantially are discussed below.

1. Hormones
i. Secretin Secretin was the fi rst hormone to be identifi ed. It 
is secreted by S cells of the duodenal mucosa. The most potent 
stimulus for its release is the entry of acid into the stomach. Its 
predominant action on the pancreas is to release a large volume 
of alkaline secretion. In other words, secretin stimulates 
the pancreas to secrete water and bicarbonate. However, the 

physiological signifi cance of secretin does not seem to be great 
because the blood levels achieved following a meal are suf-
fi cient only to evoke 5-10% of the maximal secretory response 
that can be elicited in an experimental situation.
 Studies by Williams on isolated pancreatic cells and cell 
cultures have revealed two types of secretin receptors. One 
type, which are more numerous, and are located mainly on the 
centroacinar cells and ductular cells, have a higher affi nity for 
secretin than for its struc tural analogue, VIP. The occupation 
of these receptors by secretin leads to only water and bicarbo-
nate secretion. The other type of receptors fewer in number, are 
located mainly on the acinar cells, and have a higher affi nity 
for VIP than for secretin. Corres pondingly, occupation of these 
receptors by secretin or VIP leads to secretion of enzymes and 
chloride in addi tion to some fl uid and bicarbonate. The occu-
pancy of either type of secretin receptor leads to activation of 
adenyl cyclase located in the cell membrane, which in turn 
leads to an increase in cytoplasmic cAMP. Thus the second 
messenger for both types of secretin receptors is cAMP, but 
it is only the stimulation of the less numerous, low affi nity 
receptors that leads to enzyme secretion. In view of these cel-
lular and subcellular studies, it is easy to understand why the 
predominant action of secretin is to stimulate the release of a 
watery and alkaline pancreatic secretion.
ii. Cholecystokinin Cholecystokinin (CCK), earlier known 
as pancreozymin, is also secreted by I cells of the duodenal 
mucosa. The stimuli for its release are the presence of pro-
tein digestion products and fats. In fact proteins are much less 
effective than protein digestion products, but amino acids are 
no more effective than partially digested proteins. Its predomi-
nant action on the pancreas is to release secretion that is rather 
small in volume, but has a very high concentration of digestive 
enzymes. CCK seems to be physiologically quite important 
because the postprandial blood levels can account for a sub-
stantial fraction of the secretory response to a meal.
 Pancreatic cell cultures have further shown that not only 
does CCK have the acute effect of releasing enzy mes, but also 
has a long-term chronic effect. It becomes diffi cult to maintain 
acinar cells in a well-differentiated state for long without peri-
odic CCK stimulation. This correlates well with the pancreatic 
atrophy that is seen during starvation.
 The receptors for CCK are not as well defi ned as for secre-
tin. The second messenger for the action of CCK appears to 
be calcium, which is possibly released from intra  cellular 
organelles. Since the action of CCK on pan creatic cells is asso-
ciated with elevated levels of cGMP, it may be the third mes-
senger. However, this is not certain because administration of 
exogenous cGMP is not followed by the release of enzymes 
from pancreatic cells. Gastrin, which has a structure resem-
bling CCK, also has a similar but much weaker effect on the 
pan creas. Secretin and CCK potentiate each other’s acute 
effect on the pancreas. Although secretin itself does not have a 
trophic effect, it potentiates the trophic effect of CCK.
 It is noteworthy that acid stimulates secretin secretion, 
which in turn releases alkaline pancreatic juice. On the other 
hand, nutrients stimulate CCK, which in turn releases enzyme-
rich pancreatic juice. The alkaline juice neutralises the acid; 
enzymes digest the nutrients in the favourable climate created 
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by neutralization of the acid. By having two partly independ-
ent mechanisms for the two main functions of pancreatic juice, 
effort is economized and optimized. The alkali content of the 
juice is related to the quantity of acid entering the duodenum, 
and the enzyme content of the juice is related to the quantity of 
nutrients emptied into the duodenum. That is why the function 
of the pancreas is commensurate with the needs of the body.

2. Neural Factors
Now it appears to be reasonably certain that neural factors play 
a substantial physiological role in the pan creatic response to a 
meal. Of the two divisions of the autonomic nervous system, 
parasympathetic seems to be the more important in regulating 
pancreatic secretion.
i. Vagal regulation Vagus nerve is the parasympathetic 
nerve supplying the pancreas as well as most of the alimentary 
tract. Ample experimental evidence exists for vagal involve-
ment in regulation of pancreatic secretion. For instance,
a. Stimulation of the peripheral end of cut vagus nerve evokes 

pancreatic secretion. The response is blocked by atropine.
b. Cholinergic drugs evoke pancreatic secretion. The response 

is blocked by atropine.
c. Vagal transection diminishes the pancreatic secretory 

response to a meal, or to perfusion of the small intestine 
with nutrients.

d. Isolated pancreatic cells release enzymes and chloride in 
response to cholinergic agents. Besides, such studies have 
also suggested that acetylcholine has a trophic action on 
the pancreas. Cholinergic receptors seem to be present on 
pancreatic cells. The second messenger for cholinergic sub-
stances, as for CCK, is calcium.

ii. Splanchnic nerve regulation Splanchnic nerve is the 
sympathetic nerve supplying the pancreas as well as large sec-
tions of the alimentary tract. Experimental evidence for sympa-
thetic infl uences on pancreatic secretion is as follows:
a. Electrical stimulation of the splanchnic nerve reduces 

vagally-stimulated secretory output from the pancreas.
b. Sympatholytic drugs accentuate the pancreatic secretory 

response to vagal stimulation.
c. Sympathomimetic drugs reduce the pancreatic secretory 

response to hormones or small intestinal perfusion with 
nutrients.

 However, it seems unlikely that sympathetic infl u ences 
affect the pancreatic cells directly because isolated acinar cells 
do not respond to catecholamines. The pancreatic response is 
likely to be secondary to vaso constriction brought about by 
sympathetic stimulation.
 Knowing the hormonal and neural factors that affect pan-
creatic secretion, now it is easy to reconstruct the series of 
events that follow a meal and result in pancreatic secretion at 
just the right moment. For convenience, these events may be 
arbitrarily divided into four phases.

1. Cephalic Phase
Sight, smell, taste or even thought of food, particularly palat-
able food, stimulates pancreatic secretion. As in case of gastric 

secretion, the cephalic phase is mediated by the vagus nerve. 
Vagal efferents supply the pancreatic acini directly, but in addi-
tion, vagal activity also releases gastrin, which in turn, also 
stimulates pancreatic secre tion. This indirect mode of stimu-
lation is quanti tatively signifi cant, since pancreatic secretion 
during the cephalic phase is markedly reduced by acidifi cation 
of the gastric antrum. Acidifi cation of the antrum inhibits gas-
trin secretion in response to vagal stimulation. Therefore, one 
may conclude that the cephalic phase of pancreatic secretion is 
mediated to a considerable extent indirectly via gastrin.
 It may appear quite a waste to have pancreatic secretion 
even before the food has been swallowed. But since the secre-
tion is meagre in volume, much of it may stay in the pancreatic 
ducts. The purpose of this phase, therefore, appears to be just 
to keep the pancreas ready for action at the appropriate time.

2. Gastric Phase
Entry of food in the stomach distends the stomach. Distension 
of the gastric antrum has been shown to stimu late pancreatic 
secretion. The response is abolished by vagal transection as 
well as by atropine, but is not much reduced by antral acidi-
fi cation. What do these observations suggest?2 The response 
has been termed the antropancreatic refl ex. Since informa-
tion about gastric distension is also carried by vagal afferents, 
antro pancreatic refl ex is a vagovagal refl ex.
 Distension of stomach and presence of food (parti cularly 
protein) in the stomach, also release gastrin from the stomach. 
Although this seems to be a mechanism primarily to elicit gas-
tric secretion, nothing stops this gastrin from stimulating also 
some pancreatic secretion as a sidelight.

3. Intestinal Phase
Pancreatic secretion has a function to perform only after the 
food enters the small intestine. Accordingly, maximal secre-
tory response is seen during this phase. The chyme that 
enters the duodenum through the pyloric sphincter is acidic, 
and also contains nutrients, including proteins that have been 
partially digested by pepsin in the stomach. These stimuli 
release secretin and CCK from the duodenum. These hor-
mones potentiate each other’s effect, and release copious 
pancreatic secretion, the pH and enzyme content of which is 
adjusted to suit the nature of the chyme entering the duode-
num. Till recently, secretin and CCK were thought to be the 
major factors that brought the bulk of pancreatic secretion to 
the duodenum at the right time. But now there is experi mental 
evidence for the contribution of vagus to the intestinal phase 
as well. First, if the vagus is transected, the pancreatic secre-
tory response to small intestinal perfusion with nutrients is 
reduced. Secondly, if an amino acid, such as tryptophan, is 
introduced into the bowel, pancreatic secretion is seen after a 
latency of 0.3 min. In contrast, if CCK is injected directly into 
the portal vein, the latency of the response is 0.5 min. Thus 
the response to presence of nutrients in the small intestine 
seems to depend at least partly on a mechanism that acts faster 
than the hormonal one. It is well known that a neural response 
occurs much faster than a hormonal response. Therefore, a 

2 These observations suggest that the effect is mediated by cholinergic vagal efferents, and that the stimulation of pancreatic acini is directly by the vagal 
efferents, rather than indirectly via gastrin.
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neural refl ex seems to be involved, and it has been called the 
enteropancreatic refl ex.

4. Postabsorptive Phase
Very little pancreatic secretion is seen in the post absorp tive 
phase. This may happen because the factors that stimulate it 
have been withdrawn. But not much is known about the fac-
tors in the postabsorptive phase that may actively inhibit the 
pancreas, although elevated blood glucose and amino acids 
are capable of inhibiting pan creatic secretion. However, some 
secretion continues even in the basal state, and seems to be 
intrinsic to the organ since it is seen even in the isolated per-
fused pancreas.
 The total pancreatic response to a meal is about 70% of the 
maximal secretory response to exogenous hormones, suggest-
ing a substantial reserve secretory capacity.
 The important and better understood factors that deter-
mine the pancreatic secretory response to a meal are given in 
Table 6.6.1.

Long-term Regulation of Pancreatic Function
The relative quantities of amylase, lipase and proteolytic 
enzymes in pancreatic secretion are fairly constant from day 
to day. This is spoken of as ‘Parallel secretion’. Parallel secre-
tion gets altered in starvation and following dietary manipula-
tion. In starvation, amylase secretion decreases markedly while 
lipase and proteases are relatively spared. Lopsided diets also 
produce logical changes in pancreatic secretion. A high carbo-
hydrate diet increases the proportion of amylase, a high fat diet 
that of lipase, and a high protein diet that of proteases in the 
pancreatic secretion. These changes have been demons trated 
only in the rat, however. They are seen just 1-2 days after start-
ing the modifi ed diet, and are complete in about a week. A high 
lipid or high protein diet seems to increase the corresponding 
enzyme concentration by releasing more GIP and CCK from 
the gut which, in turn, have a trophic effect on the pancreas. In 
case of high carbohy drate diet, there is an impressive amount 
of interesting evidence suggesting that the increase in amylase 
concentration is the result of acini being exposed to high glu-
cose and insulin levels.
 The evidence is summarised below:
i. It is not necessary to feed starch to increase amylase secre-

tion; feeding extra glucose or sucrose can also accomplish 
this.

ii. Chronic glucose administration intravenously can also 
increase amylase secretion.

iii. Diabetics have hyperglycaemia but no increase in amylase 
secretion. This is because they have defi  ciency of effective 
insulin. On the other hand, chro nic administration of insulin 
does not increase amylase secretion because this is accom-
panied by low rather than high glucose levels. Thus expo-
sure to high levels of both glucose and insulin seems to be 
essential to alter acinar cell function.

iv. Receptors for insulin have been demonstrated on acinar 
cells.

v. Acinar cells located close to pancreatic islets (i.e. insulin 
secreting cells) have a lower amylase con tent, presumably 
because they are exposed to low glucose levels.

 The subject of long-term regulation is being currently 
investigated. A lot still remains to be understood about this 
interesting subject.

THE LIVER AND ITS SECRETION
Liver is the laboratory of the body and has very wide ranging 
functions. But the function that is relevant here is the secre-
tion of bile. The hepatocyte may be considered a polar cell, one 
surface of which is adjacent to the blood sinusoids, and other to 
the biliary canaliculi. Hepatocytes pick up some constituents of 
bile from the blood (e.g. bile pigments), synthesize some con-
stituents (e.g. bile salts), and secrete a mixture into the biliary 
canaliculi. Ductular elements contribute bicarbonate and chlo-
ride to this mixture, giving rise to hepatic bile. The ductular 
elements converge to eventually join the common hepatic duct. 
The common hepatic duct and the cystic duct, which drains 
the gallbladder, join to form the common bile duct (CBD). The 
cystic duct is bent sideways as it proceeds to join the gallblad-
der, so that bile cannot simply fl ow vertically downwards from 
the gallbladder into the CBD under the infl uence of gravity. 
However, the arrangement is consistent with siphonage of bile 
from the gallbladder into the CBD. The CBD may open inde-
pendently into the duodenum, but more frequently (in 80% 
of us), it joins the major pan creatic duct, and the two have a 
common opening into the duodenum. The terminal part of the 
CBD is surrounded by the sphincter of Oddi or the choledochal 
sphincter. The choledochal sphincter not only regulates the fl ow
of the bile into the duodenum, it also prevents the
refl ux of pancreatic juice or intestinal contents into the biliary 
tract.
 It is often said that during the postabsorptive phase, bile 
leaving the liver enters the gallbladder, where it is stored. 
Shortly after a meal, the gallbladder contracts and empties its 
contents into the duodenum. These statements are not strictly 
true. Even during the fasting state, about half the bile produced 
by the liver goes directly to the duodenum; and after a meal, 
the gallbladder does not empty itself completely. Further, the 
function of the gallbladder is more than storage. It secretes 
mucus which makes the bile viscous, and it concentrates 
bile (Table 6.6.2). Bile is concentrated primarily by active 

Table 6.6.1: Mechanisms underlying response of 
the exocrine pancreas to a meal

Site of Stimuli Mechanism Secretory
stimulation   response

Brain Sight, smell, taste Vagus Enzymes
 thought of food;
 Hypoglycaemia
Stomach Distension Vagus Enzymes
 Distension and food Gastrin Enzymes
Small Acid Secretin Water and
intestine   bicarbonate
 Peptides and fats CCK Water,
  Potentiation bicarbonate
  (secretin + and enzymes
  CCK)
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absorption of sodium, chloride and bicarbonate in the gallblad-
der. Water follows these ions passively in keeping with the 
osmotic force generated. Among the major constituents of bile, 
bile salts are important for digestion and absorption of fats, and 
bile pigments and cholesterol are excretory products. Bile also 
excretes several chemicals which are not optimally removed 
from the body by the kidneys, e.g. food additives, pesticides 
and several drugs. Bile salts and phospholipids serve to keep 
cholesterol in solution. Phospholipids, such as lecithin, are 
water insoluble. They expand the hydrophobic core of bile salt 
aggregates, and thereby increase their capacity to incorporate 
another hydro phobic substance, such as cholesterol. The type 
of micelles formed depend on the bile salt:phospholipid ratio. 
Under physiological circumstances, it is such that the micelles 
are isometrical particles of globular shape. If the concentra-
tion of bile salts is reduced, the micelles assume a disk-like 
shape. A decrease in bile salt + phos pholipid concentration in 
relation to cholesterol concen tration makes bile super saturated 
with choles terol, resulting in precipitation of cholesterol crys-
tals. Between the unsaturated (or micellar) phase in which 
choles terol does not precipitate, and the supersaturated phase 
in which it does, there is a metastable phase in which choles-
terol would precipitate if there is a nucleus avai lable. Several 
normal individuals have cholesterol in the metastable phase, 
but they do not develop stones because a nucleus is not avail-
able. Factors which determine the physical state of cholesterol 
in bile are important for understanding the pathogenesis of 
cholesterol gallstones.3

 Bile salts are glycine or taurine conjugates of cholic acid 
or related compounds. They are synthesized from cholesterol 
in the liver cells. On reaching the intestine, they assist in fat 
digestion and absorption without themselves getting absorbed 
till they reach the distal ileum. In the distal ileum, there are 
specifi c binding sites for bile salts, to which they bind prior 
to being actively absorbed4. Absorption of bile salts is so effi -
cient that more than 90% of the quantity delivered to the small 

intestine is absorbed. Since the absorbed material from the gut 
reaches the liver through the portal vein, in case of bile salts 
absorption means returning to their site of origin. Liver cells 
have bile salt receptors on their sinusoidal surface. Thus bile 
salts are picked up by hepatocytes and resecreted in bile. The 
journey of bile salts from the liver to the intestine, back to the 
liver and once again to the intestine, and so on, is spoken of 
as enterohepatic circulation. Enterohepatic circulation is an 
important mechanism for conservation of bile salts. It reduces 
markedly the need for fresh synthesis of bile salts by the liver. 
The bile salts that fail to get absorbed in the ileum are delivered 
to the colon, where they are deconjugated and dehydroxylated 
by bacteria. The bile salts, as synthesized in the liver, are called 
primary bile salts.5 After modifi cation by bacteria in the distal 
small bowel and colon, they are called secondary bile salts. 
The major primary and secondary bile salts of man are shown 
in Figure 6.6.1. Some of the secondary bile salts are absorbed, 
while the rest are lost in faeces. The conser vation of bile salts 
is nearly perfect so that only about 200-600 mg are lost in a 
day.

Regulation of Biliary Secretion
The secretion of bile by the hypatocytes as well as its release 
from the gallbladder is subject to regulation. The most impor-
tant regulators of bile secretion are the bile salts themselves. 
Bile salts absorbed from the gut stimulate their own secre-
tion once again. Thus the fl ow of bile increases to eliminate 
the bile salts that have returned from the gut without any 
increase in synthesis of bile salts. One of the primary bile salts, 
cheno deoxycholate (CDC) has been shown to inhibit 7-alpha-
hydroxylase, a key enzyme in the synthesis of bile salts. CDC 
also decreases excretion of cholesterol in bile by reducing the 
intestinal absorption of cholesterol, and by inhibiting hepatic 
hydroxymethyl glutaryl coenzyme A (HMG CoA) reductase, a 
key enzyme in the synthesis of cholesterol. On the other hand, 
if enterohepatic circulation is interrupted, as in a biliary fi stula, 
fresh (de novo) synthesis of bile salts may increase as much as 
ten-fold.

Table 6.6.2: Composition of bile

 Hepatic bile Gallbladder bile

Bilirubin (mmol/L) 1.5 15
Bile acids (mmol/L) 50 150
Phospholipids (mmol/L) 8 40
Cholesterol (mmol/L) 4 18
Sodium (mEq/L) 160 270
Potassium (mEq/L) 5 10
Chloride (mEq/L) 90 15
Bicarbonate (mEq/L) 45 10

3 For a mathematical treatment of the subject, please consult Admirand and Small (1968) J Clin Invest 47:1043-1052, and Grundy et al (1972) J Clin 
Invest 51:3026-3043.
4 Conjugated bile acids have a pKa of about 1.8, and are therefore ionized at the small intestinal pH (5-7). Such compounds are lipid insoluble and 
therefore depend on specifi c mechanisms of absorption. However, unconjugated bile acids have a pKa of about 5-6.3, and are therefore non-ionized in 
the small intestine. Non-ionized molecules, being lipid soluble, can be passively absorbed in a nonspecifi c manner. Therefore, if there is an abnormal 
colonization of the small intestine by bacteria which can deconjugate bile acids, the deconjugated products of bacterial activity are absorbed throughout 
the small intestine. Not only does premature absorption of bile salts interfere with fat digestion and absorption, it may also damage the intestinal mucosa 
and impair the absorption of other nutrients.
5 Although cholic acid, deoxycholic acid, etc. should be called bile acids, and their conjugates or esters should be called bile salts, the terms ‘bile acid’ 
and ‘bile salt’ are used more or less synonymously.

Fig. 6.6.1: The major primary and secondary bile salts.
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 The ductular secretion of bicarbonate ions in bile is stimu-
lated by secretin, the same hormone which stimu lates pancre-
atic bicarbonate secretion, providing yet one more instance of 
profi table combination of economy of effort with coordination 
of effect. Contrac tion of the gall bladder is stimulated by CCK. 
This is the action of CCK which is responsible for its name. 
CCK also relaxes the sphincter of Oddi. Thus the combined 
actions of secretin and CCK ensure that:
i. gastric secretion is smoothly turned off as the food enters 

the duodenum (Chapter 6.4).
ii. gastric acid entering the duodenum is promptly neutralised 

by bicarbonate ions present in pan creatic juice and bile,
iii. pancreatic juice is secreted rapidly to carry out its digestive 

function, and
iv. bile is secreted and delivered on time to assist the pancreatic 

juice in fat digestion.
 The details of digestion and absorption of various nutrients 
have been discussed in the next chapter.

QUESTIONS AND PROBLEMS
1. Name some situation in the body, other than the pancreas, 

where two functionally distinct tissues are structurally very 
close to each other. Compare and contrast these situations 
with the pancreas.

2. What would happen if the pancreatic proteolytic enzymes 
were synthesized in an active form rather than as precursors?

3. How is it advantageous to have specifi c bile salt binding 
receptors only in the distal ileum rather than throughout the 
ileum?

4. Look at Table 6.6.2. Bilirubin is concentrated in the gall-
bladder 10-fold, whereas bile acids are concentrated only 
3-fold. What does this discrepancy suggest?

ANSWERS AND SOLUTIONS
1. Anterior pituitary and posterior pituitary, thyroid and par-

athyroids, and kidneys and adrenals. The comparison can be 
in terms of embryological origin, structural closeness and 
functional relationship within the pair.

2. If the pancreatic proteolytic enzymes were synthesized 
in the active form, they would disrupt the pancreatic 
architecture itself by digesting its proteins. Secretion of 
active proteolytic enzymes by the pancreas would be 
akin to cutting the very branch of a tree on which one is 
seated.

3. It ensures that bile salts are absorbed only after they have 
played their role in the digestion and absorption of fats.

4. What the discrepancy suggests is that some bile acids 
are also absorbed from the gallbladder. In fact, variable 
quantities of virtually all components of bile are absorbed 
by the gallbladder mucosa. In spite of it their concentratioan 
rises because they are not absorbed to the same extent as 
water.
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6.7
The Long Small Intestine

The small intestine, so called because its diameter is smaller 
than that of the large intestine, is about 7 metres long in an 
adult human being. It has three named divisions. The fi rst 
part, which is curved into a C-shaped struc ture, is about 25 cm 
long and is called the duo denum. The remainder consists of 
the jejunum (proximal two-fi fths) and the ileum (distal three-
fi fths). The chyme delivered to the duodenum is well ground 
and mixed with an ample quantity of water. Its physical state 
is ideal for participation in a chemical reaction. As the food 
begins its journey through the small intestine, pancreas pro-
vides enzymes for digestion of a wide variety of nutrients. 
Simultaneously, pancreatic juice and bile create the appropri-
ate conditions for the action of these enzymes. The stage is 
thus set for sweeping changes in the chemistry of chyme. The 
long length of the small intestine provides adequate time for 
the chemical reactions to be completed. A cross-section of the 
small intestine shows folds in the luminal surface which can be 
seen even with the naked eye. These folds, known as valvulae 
conniventes, increase the surface area of the small intestinal 
lumen three-fold. Examination of the cross-section under a 
light microscope shows numerous fi nger-like projections along 
the luminal surface. These projections, known as villi, increase 
the surface area another ten-fold. Electron microscopic exami-
nation further shows that the luminal membrane of the epithe-
lial cells lining the villi shows densely packed evaginations, 
about 1 micron long and 0.1 micron in diameter known as 
microvilli. Microvilli multiply the luminal surface area yet 
another twenty-fold. Thus there is an overall increase of 3 × 
10 × 20, i.e. about 600-fold, in the surface of the small intesti-
nal lumen. The enormous surface area is admirably suited for 
absor bing the products of digestion. The structure of a typical 
absorptive intestinal mucosal epithelial cell (enterocyte) has 
been described in some detail in Chapter 6.2. The microvilli 
are so densely packed that under the micros cope, they resem-
ble the bristles of a brush. Therefore the microvillar surface is 
commonly called the brush border. The microvillar surface is 
covered with the ‘fuzzy coat’ or glycocalyx which consists of 
a branched network of fi ne fi laments. The fi laments are consti-
tuted by glycoproteins which are synthesized within the entero-
cytes. The glycocalyx is remarkably stable in the presence of 
mucolytic and proteolytic enzy mes, suggesting that it has a 
protective role. Besides digestive-absorptive cells, the villus 

epithelium also has mucus-secreting goblet cells. These cells 
further coat the intestinal surface with mucus. The microvilli-
glycocalyx complex, mucus and water together form a viscous 
barrier which offers considerable resistance to the passage of 
molecules through it. The barrier is referred to as the unstirred 
water layer or the diffusion boundary layer.
 The barriers which a nutrient has to cross in the process 
of getting absorbed have been summarized in Figure 6.7.1. In 
case of several nutrients, the fi nal stages of diges  tion also take 
place while the nutrient is negotiating these barriers. The cru-
cial steps which transfer the nutrient from the lumen (essen-
tially outside the body) to the blood (inside the body) are the 
transport across the luminal membrane of the enterocyte, and 
then across its basolateral membrane. These steps are subject to 
the general principles of transport across biological memb ranes 
which have been discussed in Chapter 1.4, which you may like 
to revise before you read further.
 Since the digestion and absorption of most of the nutrients 
takes place mostly in the small intestine, these processes will be 
discussed in this chapter. Although the processing of different 
nutrients goes on simultaneously, the handling of each nutrient 
will be discussed one by one for the sake of convenience.

CARBOHYDRATE DIGESTION AND ABSORPTION
The most abundant carbohydrate in our food is starch, gene   rally 
and mostly consumed as a constituent of cereals and legumes 
(pulses). The other forms of carbo hydrate which are consumed 
in substantial amounts are sucrose (cane sugar) and lactose (the 

Fig. 6.7.1: Barriers which a nutrient must pass to get absorbed
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sugar present in milk). In addition, food contains a heterog-
enous group of plant polysaccharides which are resistant to the 
hydro lytic action of endogenous enzymes of the human gut. 
These carbohydrates and some related non-carbohydrate com-
pounds are known as dietary fi bre. It is worth noting that fl esh 
foods contain virtually no carbohydrate.
 Starch is a polysaccharide composed entirely of glu cose 
units linked by 1,4-alpha linkage and 1,6-branching points. 
What it means is that carbon atom-1 of a glucose unit is 
linked to the carbon atom-4 of the adjacent glucose unit, and 
that the bond is of alpha-type. At the branching points, carbon 
atom-1 is linked to carbon atom-6 of the adjacent glucose unit 
(Fig. 6.7.2).
 Starch is fi rst attacked by salivary amylase in the mouth. 
But the hydrolysis by salivary amylase cannot pro ceed much 
because the optimal pH for the reaction is 6-7 which is very 
different from the highly acidic environ   ment of the stomach. 
The process is resumed by pancreatic amylase in the small 
intestine. The optimum pH and other physico-chemical prop-
erties of pancreatic amylase are the same as those of salivary 
amylase. Amylase attacks only the internal 1,4-alpha glucose-
glucose bonds. Hence the products of hydrolysis are maltose, 
malto-triose and alpha-limit dextrins (Fig. 6.7.3). Maltose is 
a disaccharide (di, two) each molecule of which is made up 
of two glucose units; the other pro ducts of starch hydrolysis 
may be termed oligo saccharides (oligo, a few) because each 
molecule of these is made up of a few glucose units. Further 
breakdown of maltose and oligosaccharides into glucose is 
brought about by enzymes present in the microvilli of small 
intes tinal mucosal epithelial cells. These enzymes are also 
known as brush border enzymes and seem to reside in the 
microvillar membrane. The enzyme which hydro lyses maltose 
and maltotriose is known as maltase (or glucoamylase). Thus, 
alpha limit dextrins are hydrolysed by the same enzyme which 
splits sucrose (see below), and therefore also known as sucrase 
dextrinase.
 The glucose molecules so released are taken up by the ente-
rocytes, and passed on eventually to the blood stream. There 
is generally so much surplus maltase available that glucose 
transport is the rate-limiting step in digestion of maltose. In 
other words, during the diges tion of maltose, there is generally 
some glucose waiting to be transported across the cell mem-
brane. However, there is generally not too much of it because 
the products of maltose hydrolysis inhibit maltase. This may be 

considered an inherent regulatioan by which the rate of gene-
ration of glucose stays only slightly ahead of the rate of glu-
cose transport.
 Sucrose, the other major carbohydrate in food is a disac-
charide, for which also a specifi c disaccharidase called sucrase 
is present in the brush border. There is gene rally a reasonable 
excess of sucrase present so that the transport of glucose and 
fructose is the rate limiting step in digestion of sucrose as well. 
However, the process is so effi cient that the rise in blood glu-
cose after ingesting sucrose follows the same pattern as after 
ingesting an equivalent amount of glucose in the form of glu-
cose1. Lactose, the last signifi cant digestible dietary carbo-
hydrate is also digested by a specifi c disacchridase present in 
the brush border. The amount of lactase in the brush border is 
rather limited. Hence the rate-limiting step in the digestion of 
lactose is the hydrolysis of lactose. Glucose and galactose can 
generally be transported as rapidly as they are generated.
 In this way all dietary carbohydrate is broken down into 
monosaccharides. The next important event is the absorption 
of monosaccharides into the blood stream. This comprises of 
several steps (Fig. 6.7.1). Of these, the fi rst step, i.e. transport 
across the luminal enterocyte memb rane, has received maxi-
mum attention.

Absorption of Glucose
Immediately after the hydrolysis of disaccharides and oligosac-
charides, the concentration of glucose outside is higher than 
inside the enterocyte. At this stage, some glucose is transported 
by passive diffusion. But the major mechanism for transport 
of glucose across the brush border membrane is active and 
carrier-mediated. Possibly more than one type of carriers are 
involved, but the best established carrier molecule has one 
binding site each for both glucose and sodium. The carrier co-
transports glucose and sodium into the enterocyte. Since the 
sodium concentration in the enterocyte is lower than in the 
lumen, this transport is along the concentration gradient. But 
the intracellular concentration being lower than the interstitial 
fl uid concentration, the next step, i.e. trans port across the baso-
lateral membrane is active. The active transport mechanism, or 
the sodium pump, in the basolateral membrane is energised by 
ATP. As sodium is transported into the interstitial fl uid, water 
and glucose get dragged along passively. Simple diffusion of 
glucose across the basolateral membrane is supplemented by 
carrier-mediated or facilitated diffusion. Once in the interstitial 

Fig. 6.7.2: Diagrammatic representation of the way in which glucose units are linked up with one another in the starch molecule.

1 What it means is that 100 g sucrose (which yields 50 g glucose and 50 g fructose) raises blood glucose to the same extent as 100 g glucose.

6.7.indd   3326.7.indd   332 8/23/2010   12:24:41 PM8/23/2010   12:24:41 PM



C
H

A
PT

ER
 6

.7
: T

h
e Lo

n
g
 Sm

all In
testin

e

333

fl uid, glucose, sodium as well as water are presumed to move 
passively across the capillary endothelium.
 Carrier-mediated transport of glucose by the brush border 
membrane is blocked competitively by phlori dzin. Phloridzin 
blocks transport but not the hydrolysis of disaccharides, show-
ing that the two processes are distinct. The characteristics of 
the glucose transport system have been recently studied by 
Stevens and asso ciates in considerable detail using vesicles 
prepared from isolated brush border membrane. The sodium-
linked glucose transport system was fi rst proposed by Robert 
Crane in 1965 and has remained essentially unchanged in spite 
of all subsequent work. The sodium-linked transport of glucose 
is reasonably intact even in dirrhoea. The practical implication 
of this fact is that a patient with diarrhoea, who needs elec-
trolytes as well as calories urgently, can be administered both 
together orally in the form of a glucose-saline solution. This 
solu tion contains both the components which he needs, and the 
absorption of both is better in each other’s company than sepa-
rately. Awareness of this convenient possibility in recent years 
has drastically reduced the number of occasions on which 
intravenous rehydratiaon is necessary.
 Besides the best studied mechanism of glucose trans port 
described above, there are at least two more. One is transport 
mediated by a carrier which does not transport sodium simul-
taneously. Another mode of transport has been called hydro-
lase related transport. In this mechanism, the disaccharidase 
itself acts also as a carrier, and helps transfer the products of its 
action into the cell. The mechanisms of glucose transport have 
been summarized in Figure 6.7.4.
 The signifi cance of multiple mechanisms of glucose trans-
port for survival is quite obvious. Glucose is the principal fuel 
of the body. Its acquisition by the body should not depend on 
just one mechanism. Not only is there a reserve in terms of the 
mechanisms of transport, there is also an enormous reserve 
in terms of the area available for absorption. Normally, the 
absorption of glucose from a meal is complete within the fi rst 
20 cm of jejunum. But the rest of jejunum and ileum are also 
capable of absorbing glucose. The capacity of distal jejunum 
and ileum is normally held in reserve. It has been calculated 
that the small intestine has the capacity to absorb over 5 kg of 
sugar and more than 25,000 kcal in a 24-h period. Normally we 
use only about 10% of this capacity.

Fig. 6.7.3: Schematic diagram showing the process of carbohydrate digestion.

Fig. 6.7.4: Diagrammatic representation of different mechanisms of 
glucose absorption.
1. Sodium-linked active transport
2. Passive diffusion across the basolateral membrane
3. Carrier-mediated facilitated diffusion across the basolateral 

membrane
4. Carrier-mediated facilitated diffusion across the apical membrane
5. Hydrolase-linked absorption
6. Simple diffusion, a very slow and ineffi cient mecha nism; probably 

exists only as a reserve, to be used in case all the more effi cient 
mechanisms fail.

Absorption of Fructose

Fructose is absorbed by passive transport but facili-
tated by a specific carrier. The process is therefore faster 
than can be accounted for by the concentration gradient 
across the enterocyte membrane, and is known as facilitated 
diffusion.
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Absorption of Galactose
Galactose shares with glucose the sodium-coupled mechanism 
of transport which has been discussed already.

Lactose Intolerance
In some situations, there is such a serious decline in lactase 
activity in the brush border that even reasonable amounts of 
ingested lactose cannot be adequately digested. The undigested 
lactose increases the osmotic pressure of contents in the distal 
small intestine. That draws water into the small intestine and 
may lead to diarrhoea. On reaching the large intestine, lactose 
provides a suitable medium for several types of bacteria. By 
supporting their growth, lactose increases the fermen tative 
activity in the large intestine. The non-gaseous products of fer-
mentation tend to increase the osmotic pressure of large intes-
tinal contents, aggravating the diarrhoea. The gaseous products 
of fermentation give rise to fl atulence, and when excessive, may 
lead to abdominal discomfort and even pain. This entire comp-
lex is spoken of as lactose intolerance. There is a physio logical 
decline in lactose activity of the brush border during old age. 

There is often a transient decline in lactase activity as a result 
of diarrhoeal disease and round worm infestation. Some chil-
dren are born with a genetic defect so that they cannot synthe-
size lactase. There is also an ethnic variation in lactase activity 
during adulthood. While only 10% of Caucasian adults show 
lactose intolerance it is present in upto 95% of African adults. 
In India its prevalence has generally been reported as 50-60%, 
but one recent multi centric study found a marked regional vari-
ation. Its preva lence in North India was found to be 27.4% and 
in South India 66.6% . It has been hypothesized that the differ-
ence may refl ect the body’s response to varying dietary prac-
tices. Com munities in which milk continues to be an important 
part of the diet through adulthood retain the capacity to digest 
lactose, whereas populations which regard milk to be suitable 
only for children, lose the capa city to digest it through a type 
of disuse atrophy. It may be equally well argued that the differ-
ence may be inhe rent and gene tically transmitted. Those who 
have inheri ted the tendency to lose lactase activity in adult hood 
have perhaps learnt to give up milk in adult life through gen-
erations of bitter experience. Experi mental evidence favours 

Quick and Complete Collection

There are multiple mechanisms for the absorption of 
glucose in the small intestine. The well-known sodium-
coupled glucose transport depends on the co-transport 
of sodium and glucose by the brush border transporter 
SGLT1. Once the glucose enters the enterocytes, it is 
transported into the blood stream by the basolateral mem-
brane transporter GLUT2. This mechanism, however, gets 
saturated at low concentrations of glucose, and may be 
useful primarily for the uphill transport of remnants of glu-
cose from the small intestine between meals rather than 
the bulk transport of glucose soon after a meal. The faster 
transport of glucose after a meal depends on the translo-
cation of vesicular GLUT2 to the brush border. At high 
luminal concentrations of glucose, as obtained soon after 
a meal, two events make the faster transport of glucose 
possible. First, SGLT1-dependent glucose transport trig-
gers the infl ux of calcium ions. Secondly, glucose binds to 
the TIR2/3 receptors on the apical membrane. Both these 
events lead to the translocation of vesicular GLUT2 to the 
brush border. The translocation leads to the bulk down-
hill transport of glucose during the postprandial phase (Fig. 
6.7.5). Incidentally, the TIR2/3 receptors in the intestine 
are the same as those in the taste receptors of the tongue, 
and serve the function of binding glucose at both the sites.
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the genetic hypothesis because feeding lactose does not induce 
lactase synthesis in the brush border.
 Those who have lactose intolerance can still tolerate curd 
and buttermilk quite well because lactose in milk is fermented 
by bacteria during the formatioan of curd. Therefore the ben-
efi ts of milk are still available to lactose intolerant individuals 
through fermented products.
 The mucosal cells lining the villi originate in the crypt 
bases. As the cells proliferate they migrate up the villi and 
acquire microvilli and digestive enzymes. The life cycle of the 
migrating intestinal surface cells is only a few days. Old cells 
are continually shed into the lumen and replaced by new ones 
generated by proliferation in the crypts. Along with the old 
cells, the enzymes in their brush border are also shed. It was 
the presence of these enzymes in the lumen that gave rise to the 
older concept of there being a small intestinal secretion called 
succus entericus which had a digestive function. But now it 
is fairly well established that fi nal stages of hydrolysis of car-
bohydrates and proteins (see below) are accom plished in the 
brush border of intact cells. The enzymes contained in the shed 
cells are rapidly degraded by pancreatic proteolytic enzymes.
 The fate of dietary fi bre (DF) is somewhat similar to that 
of undigested lactose. DF is resistant to the action of digestive 
enzymes, and therefore reaches essentially intact in the large 
intestine.2 The extent to which it is degraded by bacteria in 
the large intestine varies with each constituent of DF. Pectin is 
degraded almost completely, and hemicelluloses to a variable 
but signifi  cant degree. About half of cellulose is broken down 
but lignin is almost completely resistant to the action of even 
bacterial enzymes. The major products of bacterial degradation 
are short chain fatty acids (SCFA), carbon dioxide, methane, 
hydrogen and water. SCFA support the growth of bacteria in 
the large intestine, but a measurable fraction is absorbed into 
the blood stream and contributes to the nutrient supply of the 
host.
 The dividing line between starch, which is digested, and 
DF, which is not digested, is not absolute. A fraction of starch 
(up to 20%) depending on its source, physical state, degree and 
manner of cooking, etc. remains undigested in the small intes-
tine. It is delivered intact to the large intestine, where it is han-
dled like DF.

PROTEIN DIGESTION AND ABSORPTION
The digestion of proteins begins in the stomach. Pepsin is a 
proteolytic enzyme which is active at pH 1.8-3.5. Condi tions 
are just right for its activity in the stomach but only for about 
an hour. Pepsin breaks some of the food protein into smaller 
units called peptides. The quantity of protein digested in the 
stomach is not much; normal protein digestion can be achieved 
even in the absence of gastric secretion.
 Further digestion of proteins is brought about by pancre-
atic enzymes. Pancreatic enzymes are secreted in an inactive 
form. Trypsinogen is initially activated by a duodenal enzyme, 

enterokinase, which is located mainly in the brush border. Once 
some trypsin has been generated by enterokinase, it can acti-
vate more trypsinogen as well as the other inactive enzymes.

Trypsinogen Enterokinase  Trypsin

Trypsinogen Trypsin  Trypsin

Chymotrypsinogen Trypsin  Chymotrypsin

Proelastase Trypsin  Elastase

Procarboxy-peptidase A Trypsin  Carboxypeptidase A

Procarboxy-peptidase B Trypsin  Carboxypeptidase B

 Trypsin, chymotrypsin and elastase are endopepti dases, 
which means that they split peptide linkages in the middle of 
the amino acid chain, not at either end (Figs 6.7.6 and 6.7.7). 

Fig. 6.7.6: Formation of the peptide linkage between two amino 
acids. The linkage (or bond) may be broken by hydrolysis, as during 
digestion.

2 It is interesting that cellulose, a major constituent of dietary fi bre, is a polysaccharide made up entirely of glucose units. But the glucose units in cel-
lulose are linked by 1, 4-beta linkages while in starch they are linked by 1, 4-alpha linkages. This apparently minor difference is enough to make cel-
lulose resistant to the action of amylase. The explanation lies in the highly specifi c conformational complementarity required between an enzyme and 
its substrate.

Fig. 6.7.7: A protein molecule is made up of a large number of amino 
acids. For simplicity, here a protein has been illustrated by a chain of 
six amino acids, A1 through A6. An endopeptidase may hydrolyse a 
peptide bond in the middle, i.e. at positions, 1, 2 or 3. An exopeptidase 
hydrolyses peptide bonds only at the ends, i.e. at positions 4 or 5. 
An enzyme which acts at 4 splits the N-terminal amino acid (A1), 
and is therefore called an aminopeptidase. An enzyme which acts 
at 5 splits the C-terminal amino acid (A6), and is therefore called a 
carboxypeptidase.
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Trypsin has a preference for peptide bonds involving basic 
amino acids (arginine and lysine) while chymotrypsin is most 
effi cient at cleaving peptide bonds involving aromatic amino 
acids (phenylalanine, tyrosine and tryptophan). Elastase acts 
on a broad range of peptide linkages, particularly those involv-
ing aliphatic amino acids (valine, leucine, serine and alanine). 
Carboxypeptidases, on the other hand, are exopepti dases. As 
their name suggests, they split the peptide linkage at the car-
boxyl end of an amino acid chain. Thus they separate only the 
C-terminal amino acid from the chain. For carboxypeptidase 
A, the ideal substrate are peptides with aliphatic amino acids 
at the C-terminal end, which are provided in good measure by 
the action of elastase. Carboxypeptidase B preferentially splits 
basic amino acids at the C-terminal end; suitable peptides are 
made available by the action of trypsin. Once an amino acid 
has been split by a carboxypeptidase, the next amino acid 
becomes the C-terminal amino acid. Thus, slowly, steadily and 
systematically, carboxypeptidases can convert quite a sizable 
peptide chain into amino acids.
 Although theoretically the pancreatic juice can break 
proteins completely into amino acids, normally the final 
stages of digestion are significantly assisted by surface 
enzymes of the small intestinal mucosa (Fig. 6.7.8). These 
enzymes are located in the brush border membrane, or within 
the villous cells. In fact, 90 per cent of intestinal epithe-
lial cell peptidases are located in the cytoplasm of the cell. 
Surface enzymes not only increase the rate of protein diges-
tion, they also provide a reserve in case of pancreatic enzyme 
defi ciency.
 The major proteolytic brush border enzymes are di pepti-
dyl peptidase and aminopeptidase. Dipeptidyl peptidase 
removes the N-terminal dipeptide from oligopeptides, while 
aminopeptidase removes the N-terminal amino acid from oli-
gopeptides. The di- or tri-peptides which traverse the mucosal 
cell boundary intact are digested by intracellular peptidases. 
Much of the fi nal stages of digestion of peptides takes place at 
the brush border or within intestinal cells. However, the brush 

border and intracellular enzymes of desquamated intes tinal 
cells create such a high luminal concentration of peptides in 
the ileum that some peptides reaching the ileum may be con-
verted into amino acids intralumi nally. Thus fi nally all protein 
is converted into amino acids prior to absorption into the blood 
stream.
 The absorption of amino acids is similar to that of glucose, 
and yet unique. The similarity is that it is a sodium-dependent, 
carrier-mediated active process. The unique feature of amino 
acid transport is that there are several classes of carrier proteins 
which are specifi c for a particular class of amino acids. Four 
classes of carrier with a specifi city for neutral, dibasic, dicar-
boxylic and imino amino acids are fairly well established. The 
carrier for imino acids transports proline, hydroxyproline, gly-
cine and also di- or tri-peptides containing these amino acids. 
Several amino acids are transported by more than one of these 
carriers. The multiple mecha nisms for the transport of amino 
acids have a special func tional signifi cance. Body’s require-
ment of essential amino acids is highly specifi c. Even if one 
amino acid required for synthesis of a protein molecule is miss-
ing, the amino acid chain will come to an abrupt halt at the 
point where the missing amino acid is to be fi xed. Therefore 
it is important for survival that every single essential amino 
acid be absorbed. If a person has an inborn error of metabolism 
because of which he cannot synthesize one carrier protein, it 
would affect the transport of, at most, only a few amino acids. 
These amino acids can be transported as peptides and hydro-
lysed intracellularly prior to absorption. The organism will thus 
still have all essential amino acids available for protein syn-
thesis. That is why no signifi cant protein defi ciency is seen in 
cystinuria and Hartnup disease.3

 The proteins digested in the gut are not just the food pro-
teins but also the digestive enzymes secreted into the gut, as 
well as protein contained in the desquamated cells which are 
shed from the mucosal lining.4 Although conservation of body 
protein itself provides full justifi  cation for this process, it has 
additional nutritional signifi  cance as well. The protein of diges-
tive enzymes and desquamated cells is endogenous protein, and 
therefore has an amino acid composition which is best suited 
for synthesizing more human protein. In nutri tional terms, 
endogenous protein is of extremely high biological value. If 
this excellent quality protein dilutes food protein, the draw-
backs in the quality of food protein are temporarily compen-
sated for. Over a long period of time, of course, food protein 
should supply the necessary quantity of essential amino acids 
in an opti mum proportion. But simultaneous absorption of 
endo genous protein ensures that an optimally balanced mixture 
of amino acids would be infused into the blood stream follow-
ing every meal, even if the quality of food protein is not high 
at every meal. An Indian diet is gene rally made up of cereals 
and pulses. Most cereals are defi cient in lysine while pulses are 
defi cient in methio nine, but the mixture provides good quality 
protein because cereals and pulses make up for each other’s 
defi ciency. In light of the above discussion it is clear that it is 
not essential to take a mixture of cereals and pulses at every 

3 Look up these diseases in a textbook of biochemistry if you are not familiar with them.
4 Some of the pancreatic enzymes may be absorbed intact by pinocytosis and re-secreted by the pancreas.

Fig. 6.7.8: Schematic diagram showing the process of protein 
digestion.
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meal. It is quite enough if one meal contains enough pulses to 
balance the cereal intake of the whole day.
 Digestion and absorption of protein goes on through out the 
small intestine. Thus there is not too much of reserve length of 
the intestine which may be sacrifi ced without affecting protein 
absorption. A small quantity of protein which escapes digestion 
in the small intestine reaches the colon. In the colon it is fer-
mented by bacterial fl ora. The protein content of faecal matter 
is composed almost entirely of bacteria and desquamated 
colonic cells.

Interaction with Digestion of Other Nutrients
Since both monosaccharide and amino acid transport need 
energy, the two may compete with each other if energy supply 
is limiting.
 Some fats may inhibit dipeptidase. Therefore, in presence 
of fats, peptide hydrolysis may be displaced distally in the 
small intestine.
 However, these interactions are of academic interest 
only. Normally, almost all protein is digested in spite of all 
interactions.

Absorption of Intact Proteins in the Newborn
In some animals, gamma globulins present in mother’s milk are 
absorbed intact and confer passive immunity on the newborn. 
These proteins are not digested in the gut because the buffering 
action of milk prevents the pH in the stomach from reaching 
a level at which pepsin is active. In the small intestine, these 
proteins escape diges tion because of the presence of a trypsin 
inhibitor. The luminal membranes of intestinal mucosal cells 
of a new born have specifi c receptors (Fc receptors) for bind-
ing gamma globulins and transporting them intra cellularly. 
The net result of all these factors is that the newborn absorbs 
intact antibodies which protect it from several infections. The 
effi cacy of this mechanism in human infants is, however, not 
well-established.

Fat Digestion and Absorption
The problem of fat digestion and absorption is, in some 
respects, opposite that in case of carbohydrate and protein. 
While the passage of lipids across lipoid cell membranes is 
easy, the main problem is to render the fats miscible in an aque-
ous medium in the lumen for digestion, and in the circulation 
for transport. In the following description, “fat” would mean 
long chain tri glycerides, which are the principal dietary fat.
 Fat digestion essentially begins in the duodenum with 
the entry of pancreatic and biliary secretions (Fig. 6.7.9). 
Pancreatic juice contains the enzyme lipase for fat digestion, 
while bile salts provide the detergent action for making fats 
miscible in an aqueous medium. Bile salt molecules have a 
fat-soluble end and a water-soluble end. This dual character 
is responsible for the formation of micelles if lipids and bile 
salts are present together in an aqueous medium. While this 
disperses or emulsifi es fats into small particles in an aqueous 
medium, it also creates a problem. Bile salts inhibit the action 
of lipase. The mechanism by which bile salts inhibit lipase is 
controversial. One of the simplest explanations is that bile salts 
displace lipase from the lipid-water interphase, and thereby 

physically separate the enzyme from the substrate. However, 
the pancreatic juice also has one more enzyme, colipase, 
which can overcome this hindrance. Colipase has two bind-
ing sites—one for bile salts, and another for lipase. By binding 
to bile salts, colipase so alters the geometry of lipid micelles 
that lipase can now reach the lipid-water interphase. Lipase 
now binds to the other binding site on colipase and carries out 
hydrolysis of triglycerides. In addition, colipase also shifts the 
optimum pH for the action of lipase from 9 to 6, which is the 
pH of duodenal contents.
 It is natural to question here why lipase cannot act at the 
lipid-water interphase of triglycerides suspended in an aque-
ous medium? By having bile salts, why create a problem which 
takes one more enzyme (colipase) to solve? Like most pro-
teins, lipase undergoes unfolding and denaturation at the oil-
water interphase, and is thereby irreversibly inactivated. Bile 
salts protect lipase from such inactivation. Further bile salts 
reduce the diameter of fat globules to 1/20th of what it is in 
the absence of bile salts. By breaking large globules into small 
globules, bile salts increase the surface area for lipase activ-
ity. Thus the fat-bile salt-colipase-lipase complex provides 
the most favourable circumstances for triglyceride hydrolysis 
in an aqueous medium at pH 6. Under these circumstances, 
lipase cleaves two alpha-ester bonds of triglyceride molecules, 
resulting in the formatioan of fatty acids and monoglycerides 
(Fig. 6.7.9). The products of hydrolysis, still tagged to the bile 
salts, travel through the aqueous unstirred layer to the entero-
cyte cell membrane. On reaching the microvillous membrane, 
the products of hydrolysis, being lipid soluble, are promptly 
transferred across the membrane into the cell, relieving the bile 
salts to return to the lumen for assisting in the digestion of still 
more lipids.

Fig. 6.7.9: Schematic diagram showing the process of digestion and 
absorption of long chain triglycerides.
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 In the enterocyte, fatty acids and monoglycerides again 
form triglycerides. However, resynthesis may not be instanta-
neous, and at the same rate at which fatty acids enter the cell. 
During this period, the fatty acids remain bound to a fatty acid 
binding protein (FABP). Binding to the FABP may also pro-
vide a means of transport of these lipoid substances through the 
aqueous cytosol. Resynthesis into triglycerides helps maintain 
the concentration gradient between the lumen and enterocytes, 
which is essential for passive transport of monoglycerides and 
fatty acids. Cornering of fatty acids by FABP also serves this 
purpose; in addition, it also protects the enterocytes from the 
cytotoxic effects of fatty acids. Triglycerides synthesized in 
the enterocytes join the other lipids that have been absorbed, 
viz. phospho lipids and cholesterol, and acquire a protein coat-
ing. The protein serves a purpose similar to bile salts in the 
lumen. It keeps the lipids fi nely dispersed in aqueous body 
fl uids. Packets of triglycerides, phospholipids, choles terol and 
proteins are called chylomicrons. Chylomicrons are transported 
intact across the basolateral enterocyte membrane by reverse 
pinocytosis into the intercellular space. Being too large to enter 
capillaries they enter the lymphatics. Since lymph also eventu-
ally joins blood circu lation, chylomicrons also fi nally enter the 
blood stream.

Absorption of Other Fats
The above description applies to triglycerides of long chain 
fatty acids, i.e. fatty acids with a chain length of more than 10 
carbon atoms. If the fatty acids have shorter chain length, their 
triglycerides (called medium chain tri glycerides, or MCT) are 
not critically dependent on the pancreatic enzymes and bile salts 
for digestion; they can be transported into the enterocyte intact 
without getting hydrolysed (Fig. 6.7.10). Correspondingly, it is 
intere sting that MCT neither induce release of chole cysto kinin 
nor gallbladder contraction. If absorbed intact, MCT are hydro-
lysed in the enterocytes into fatty acids and glycerol. Further, 
fatty acids with a chain length shorter than 10 carbon atoms are 
absorbed direc tly into the bloodstream rather than the lymphat-
ics. Since the digestion and absorption of MCT is much sim-
pler, and not dependent on pancreatic enzymes, MCT can serve 
as dietary fat even for patients with pancreatic insuf fi ciency. 
The only important dietary fat containing signifi cant quantities 
of MCT is coconut oil.
 Besides triglycerides, the other signifi cant dietary fats are 
cholesterol and phospholipids. Cholesterol esters are hydro-
lysed by the pancreatic enzyme cholesterol este rase. After 
hydrolysis, cholesterol is also incorpo rated in bile salt micelles 
and transported into the entero cyte. Besides dietary choles-
terol, the enterocytes also absorb biliary cholesterol and the 
cholesterol contained in the cell membranes of intestinal cells 
shed into the lumen. In addition, the enterocyte also has provi-
sion for de novo synthesis of cholesterol. However, cholesterol 
absorbed from the lumen inhibits the de novo synthesis by a 
nega tive feedback mechanism. Like other lipids, choles terol 
is also absorbed in association with proteins, but the proteins 
utilised are different. Dietary cholesterol is transported by very 
low density lipo protein (VLDL), whereas non-dietary choles-
terol is trans ported by high density lipoprotein (HDL). How 

choles terol from diffe rent sources is partitioned within the 
entero cyte is not known.
 Phospholipids are hydrolysed by pancreatic phos pholi-
pases which convert lecithin into lysolecithin. Lyso lecithin is 
also incorporated in bile salt micelles and trans ported to the 
enterocyte. There is evidence sugges ting that lysolecithin is 
resynthesized into lecithin in the enterocyte. Lecithin forms a 
component of chylomicrons, and is thereby transported out of 
the enterocytes.

WATER AND ELECTROLYTE ABSORPTION
Water and electrolytes need no digestion and are absor bed as 
such. It is commonly thought that water and electrolytes are 
absorbed primarily in the colon. This is at least partly a mis-
conception. The small intestine absorbs much more fluid 
than the large intestine. The reason for the wrong impression 
is that the colon absorbs fl uid far more effi ciently, and while 
it does so, it often changes the consistency of the contents 
from liquid to semi-solid. These facts can be best understood 
from Table 6.7.1, which gives the daily fl uid exchange in the 
intestine.
 There is no active mechanism for absorption of water. Its 
transport is linked to the transport of solutes (both electro-
lyte and non-electrolyte). On the other hand, water absorbed 
in association with absorption of nonelectrolytes may induce 
electrolyte transport.

Fig. 6.7.10: Schematic diagram showing the process of digestion 
and absorption of medium chain triglycerides.

Table 6.7.1: Fluid exchange in the intestine

Region  Fluid  Fluid % absorbed Capacity for
 entering absorbed  absorption
  (L)  (L)   (L)

Small intestine 8.0 6.5 81.2 12.0

Large intestine 1.5 1.3 86.7 5.0
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3. Neutral Sodium Chloride Transport

Here positively charged sodium ions are absorbed in associa-
tion with negatively charged chloride ions. Therefore the trans-
port does not lead to generation of any transmembrane poten-
tial difference. This process may be far more complex than it 
seems. Sodium absorp tion may be associated with hydrogen 
ion secretion, and chloride absorption may be associated with 
bicarbonate or hydroxyl ion secretion (Fig. 6.7.12). Thus 
sodium chloride absorption may be associated with water and 
bicarbonate secretion.

4. Solvent Drag
As mentioned already, some sodium may be absorbed pas-
sively in association with water.
 The relative importance of the above mechanisms differs in 
different regions of the intestine as follows:
i. Jejunum Since most of the monosaccharide absorp-
tion takes place in the jejunum, it leads to passive absorption 
of large amount of water also. Secondary to water absorp-
tion, sodium is also absorbed as mentioned above. This 
represents the major mechanisms of sodium absorption in the 
jejunum.
ii. Ileum The major mechanisms of sodium absorption in the 
ileum are the electrogenic sodium transport and neutral sodium 
chloride transport.
iii. Colon The major mechanism of sodium absorption in the 
colon is the electrogenic sodium transport.

Regulation of Water and Electrolyte Absorption
The overall function of the intestine is to absorb almost all the 
water and electrolytes that are presented to it. Accordingly, the 
absorption is not subject to much regulation.5 But in experi-
mental situations it is possible to show that a large number 
of neurohumoral substances can affect water and electrolyte 
transport across the intestinal mucosa, specially the colonic 

Fig. 6.7.11: Electrogenic sodium transport in the ileum.
A. The process may be broken into two steps: 1 and 2. To understand 
the process, 2 may be considered before 1. Sodium is actively 
pumped across the basolateral membrane of intestinal epithelium 
(2). Since sodium ions are positively charged, it creates a potential 
difference across the membrane, the outside being positive as 
compared to inside the cell. As a result of the electrical gradient, 
sodium ions move passively from the lumen into the enterocyte 
(1). Active transport (2) is against the electrical and concentration 
gradient. The electrical gradient generated by the active transport 
(and hence the name electrogenic) leads to passive transport (1) 
along the electrical and concentration gradient.
B. In the small intestine, electrogenic sodium transport is often 
coupled with the transport of glucose or amino acids (See also Fig. 
6.7.4). Active sodium transport leads to passive transport of glucose 
across the basolateral membrane. The osmotic pressure so created 
leads to passive transport of water as well.

Fig. 6.7.12: Electroneutral sodium chloride transport (A). The process 
may actually be a little more complex (B).

Sodium Absorption
The mechanisms for sodium transport have been considered 
in some detail below because sodium absorption provides the 
driving force for the absorption of the other major electrolytes, 
and also some non-electrolyte nutrients.

1. Electrogenic Sodium Absorption
This is an active sodium absorptioan mechanism present not 
only in the intestine but also in several other epithelia. Active 
absorption of sodium creates a negative electrical potential in 
the compartment which sodium leaves as compared to the one 
which it enters. In case of the intes tinal epithelium, the pump 
for active absorption is present in the basolateral membrane. 
The process may be conceptually broken into two stages as 
shown in Figure 6.7.11.

2. Non-electrolyte Coupled Sodium Transport
Here sodium absorption is coupled to the absorption of 
glucose or amino acids. It has been discussed already with 
carbohydrate and protein digestion. This mecha nism is 
available throughout the small intestine, but not in the large 
intestine.

5 Since the absorption in the intestine normally does not fl uctuate with the fl uid and electrolyte status of the individual, the function of regulation of fl uid 
and electrolyte balance is performed almost exclusively by the kidneys.
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epithelium. It is generally not possible to say whether the 
observed effect corresponds to a normal physiological function 
or is a purely pharmacological action.
 The substance which has attracted the maximum attention 
is aldosterone. As in the kidney so too in the colon, aldostrone 
increases sodium absorption and promotes potassium secre-
tion. It has been shown, however, that physiological doses of 
aldosterone do not exert these effects as effi ciently as physi-
ological doses of glucocorticoids. Accordingly glucocorticoids 
may have a physiological role to play in fl uid absorption in the 
colon. The benefi cial effect of glucocorticoids in the diarrheal 
states may also be partly due to this effect in addition to their 
anti-infl ammatory action.

VITAMIN ABSORPTION
Vitamins need essentially no digestion, but have to be 
absorbed. Vitamins are a heterogenous group of compounds, 
and many of them enter the digestive tract not only as part of 
the diet but also as a gift from the bacterial fl ora that reside in 
the gut. Accordingly there are diverse mechanisms of vitamin 
absorption; in some cases a single vitamin is absorbed by mul-
tiple mecha nisms. Most of the vitamins are absorbed passively. 
Cyanocobalamin is the only vitamin that depends on active 
transport for its absorption; folic acid and thiamine are the only 
other vitamins for which an active mechanism of absorption is 
known.
 The mechanisms by which vitamins are absorbed have been 
summarised in Table 6.7.2. The absorption of a few vitamins of 
special interest has been discussed in some detail below.

Absorption of Water-soluble Vitamins
Cyanocobalamin An insight into the unique mechanism 
by which cyanocobalamin (Vitamin B12) is absorbed was fi rst 
gained by WB Castle in 1953. He found that patients of per-
nicious anaemia, who are now known to lack the ability to 
absorb vitamin B12, showed marked improve ment if fed meat 

which had been incubated in normal gastric juice. Neither 
meat alone nor normal gastic juice alone could bring about this 
improvement. These obser vations suggested that normal gas-
tric juice contains some factor essential for absorption of an 
anti-anaemic nutrient present in meat. The factor was named 
intrinsic factor and the nutrient was later shown to be vitamin 
B12. Many more details have since been added to the mecha-
nism of absorption of vitamin B12, which is briefl y as follows:
 Dietary vitamin B12

 is generally associated with proteins. 
Gastric and pancreatic proteases release it from the proteins. 
It then forms a complex with the gastric intrinsic factor. 
Intrinsic factor is a glycoprotein with a molecular weight of 
about 50,000. On reaching the ileum, the B 12 - intrinsic factor 
complex attaches itself to specifi c receptors present only in 
the distal ileum. For attachment of ileal receptors, the pres-
ence of calcium ions is essential, and the pH should be above 
6. Vitamin B12 is released at or within the enterocytes, and 
is absorbed into the blood stream. In the blood, it is bound 
largely to a plasma protein, transcobalamin II. Vitamin B12 is 
also excreted in bile. The excreted vitamin also needs intrin-
sic factor for getting absorbed by the ileum. There is thus an 
enterohepatic circulation of vitamin B12.
Folic acid Folic acid occurs in the diet in several related 
forms but the basic structure of all these forms consists of a 
pteridine ring, p-amino-benzoic acid and at least one glutamic 
acid residue. Its active form has only one glutamic residue, and 
in addition, is reduced by addition of four hydrogen atoms, and 
has a one-carbon moiety at the N-5 or N-10 position. The intes-
tine not only absorbs folate, but also converts it into the meta-
bolically active form.
 The first step in the intestinal handling of folate is 
the hydrolysis of pteroyl polyglutamates to form pteroyl 
monoglutamate. This is carried out by a conjugase which is 
located in the intestinal mucosa, either in the brush border or 
intracellularly. The next step is the absorption of the pteroyl 
monoglutamate. The transport mechanism for achieving this 
seems to be active and carrier-media ted. Absorption is carried 
out predominantly in the proximal jejunum, but the mechanism 
exists throughout the small intestine. The transport mechanism 
is highly sensitive to pH, the optimum pH being 6.0. At pH 5.0 
or 7.0 the rate of transport falls to only half that at pH 6.0.
 Besides the mechanism described above, pharmacolo gical 
doses of folate can also be absorbed passively by facilitated 
diffusion.
 After absorption from the lumen into the enterocyte, intra-
cellular enzymes reduce and methylate the mono gluta mate to 
produce the metabolically active form of folic acid. The meta-
bolically active form is absorbed into the circulation presum-
ably by simple diffusion. The major steps in intestinal handling 
of folate have been shown in Figure 6.7.13.

Absorption of Fat-soluble Vitamins
The absorption of fat-soluble vitamins is in association with 
fats. They are made miscible in an aqueous medium by bile 
salts. After a little or no modifi cation by intestinal enzymes, 
they are transported into the enterocytes. In the enterocytes, 
they get incorporated in chylomicrons and are absorbed into 
lymphatics. The kinetics of absorp tion of fat-soluble vitamins 

Table 6.7.2: Absorption of vitamins

  Passive transport Active transport

 Simple Facilitated
 diffusion diffusion

Water soluble vitamins
Thiamine *  *
Ribofl avin  *
Niacin *
Biotin * *
Pantothenic acid *
Pyridoxine *
Ascorbic acid *
Cyanocobalamin   *
Folic acid  * *
Fat-soluble vitamins
Vitamin A  *
Vitamin D *
Vitamin E *
Vitamin K  *
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are as summarized in Table 6.7.2. Only the absorption of vita-
min A warrants further comment.
Vitamin A Dietary vitamin A occurs in two major forms 
depending upon the source. Plant sources supply it as beta-
carotene, while animal sources supply it as retinyl esters. 
The intestinal handling of carotene varies with species. Man 
absorbs beta-carotene as such. Retinyl esters are converted into 
retinol in the lumen. Retinol is transported into the enterocyte 
by a carrier-mediated passive process, i.e. by facilitated diffu-
sion. In the entero cyte, retinol is re-esterifi ed with a fatty acid 
to form a retinyl ester. Retinyl esters get incorporated in chylo-
microns and are absorbed into lymphatics.

MINERAL ABSORPTION
There are several minerals present in food in small quantities 
and many of these are of nutritional signi fi cance. Although 
minerals do not need digestion, they need to be released from 
the complexes with which they are associated in foods. This 
is facilitated by the gastric acid. That is one reason why acid 
promotes absorption of most minerals. Some other reasons are 
that minerals form chlorides with hydrochloric acid. Chlorides 
are soluble and ionized, which facilitates absorption. Further, 
at acid pH iron and manganese are present as Fe ++ and Mn ++, 
which are the favoured ionic species for absorption (as com-
pared to Fe +++ and Mn+++).
 In the small intestine, minerals form hydroxides and phos-
phates, which are relatively insoluble. Therefore ligands are 
generally needed for absorption, and still the absorption is far 
from complete. The ligands may be endogenous (secreted by 
the gut or pancreas) or dietary. Among the dietary ligands, 
those present in human milk are of particular significance 
because they aid mineral absorption at a stage of life when 
endogenous ligand secretion may be inadequate. Some of the 
ligands present in human milk (e.g. lactoferrin and zinc bind-
ing protein) are not present in animal milk, thereby providing 
yet one more factor to which the superiority of human milk 
may be attributed.
 Dietary fi bre binds minerals, and phytates and oxalates 
form insoluble mineral compounds. Therefore these factors are 
frequently thought to impair mineral absorption. But in vivo 
experiments on their infl uence are equivocal. Hence the prac-
tical signifi cance of fi bre, phytates and oxalates is negligible 

except perhaps in some lopsided diets. Further, unrefi ned foods 
contain more minerals than refi ned foods. Therefore, although 
percentage absorption may be lower from unrefi ned foods, 
the absolute amount absorbed may be adequate. Many miner-
als are thought to interfere with each other’s absorption (e.g. 
iron and zinc) through competition for a common factor in the 
absorptive pathway. But the practical signifi cance of this antag-
onism is also negligible except when unnecessarily large doses 
of therapeutic iron may be given with the laudable intention of 
correcting iron defi ciency.

Absorption of Iron
An adult has about 4 g of iron in the body, which is about the 
quantity which gives a medium-sized nail. Iron in the body 
is jealously guarded. In adult males, only about 1 mg/24 h 
escapes in the faeces as a component of the desquamated intes-
tinal cells. In menstruating women, the loss is about double, 
i.e. 2 mg/24 h. Moreover, these losses do not increase much 
in iron overload. Iron content of the body is kept constant by 
regulatioan of absorption rather than excretion. In this respect, 
iron is a unique nutrient. Therefore the mechanism and regula-
tion of iron absorption have been fascinating areas of study.

Mechanism of Iron Absorption
There are two broad forms of dietary iron, and they are 
absorbed differently.
1. Absorption of haem iron Haem iron is the iron present 
as myoglobin, haemoglobin and related compounds. Haem 
is released from these proteins by proteolytic enzymes of the 
gut, and then converted into haemin. Haemin is taken up by 
mucosal enterocytes. Iron is released from haemin intracellu-
larly by an enzyme, haem oxygenase. The iron so released is 
handled in the same way as nonhaem iron. Haem iron absorp-
tion is not much affected by other dietary constituents.
2. Absorption of nonhaem iron Nonhaem iron is con-
verted into ferrous form before it can enter the enterocyte by 
a carrier-mediated active process. Accordingly, gastric acid 
and ascorbic acid (Vitamin C), which help in keeping iron in 
the ferrous form, facilitate absorption. The effect of ascorbic 
acid is quite marked. Supplementation of a meal with 60 mg of 
ascorbic acid may increase the absorption of non-haem iron as 
much as three-fold. Animal foods, such as meat or fi sh, but not 
egg, milk and cheese, also enhance non-haem iron absorption. 
Uptake of iron is impaired by phytates and oxalates present 
in several plant foods. Iron forms insoluble complexes with 
phytates and oxalates, which cannot be absorbed. Calcium 
facilitates iron absorption by compet ing with iron for form-
ing complexes with phytates and oxalates. Another common 
dietary constituent which reduces non-haem iron absorption by 
a mechanism similar to phytates and oxalates is tea. It does so 
by forming insoluble iron tannate complexes.
 After entry into the enterocyte, haem and non-haem iron 
are handled in the same way.

Fate of Iron in the Enterocyte
Iron in the enterocyte is present in the cytosol partly in a low 
molecular weight form, chelated to amino acids, and partly 

Fig. 6.7.13: Mechanism of absorption of folic acid. E, enzyme 
(conjugase); C, carrier.

6.7.indd   3416.7.indd   341 8/23/2010   12:24:42 PM8/23/2010   12:24:42 PM

tahir99-VRG & vip.persianss.ir



SE
C

T
IO

N
 6

: 
D

ig
es

ti
o
n

342

in association with ferritin. Part of the iron present in the 
enterocyte is transported into the blood stream by a passive 
process possibly involving receptors located in the basolateral 
membrane. The part of iron which stays in the enterocyte is 
retained mostly as ferritin until the cell is sloughed off at the 
tip of the villus.

Regulation of Iron Absorption
Absorption of iron is very precisely regulated to match iron 
requirements. Iron is required, besides making up for the losses, 
for replenishment of stores and for erythropoietic activity. In a 
person whose iron stores are ade quate, and whose erythrocyte 
production and destruc  tion are in a steady state, iron is absorbed 
only to make up for the losses. In an adult male, it amounts 
to absorption of only about 1 mg of iron every day. Assum  ing 
daily intake of 20 mg of iron, absorption amounts to only 5% 
of the intake. But if iron stores are depleted, or if erythropoietic 
activity, whether effec tive or ineffective, is high, absorption 
may increase to a level of up to 25% of the intake. How iron 
absorp tion is regulated to match the requirements so precisely 
has been a subject for much experimentation and speculation 
for several decades. In 1943, Whipple and his colleagues, and 
in 1946, Granick, independently proposed a hypothesis to 
explain regulation of iron absorp tion. The hypothesis came to 
be known as the muco sal block theory, and held the ground 
for about 20 years. According to this hypothesis, formation 
of ferritin in the enterocytes blocks further absorption of iron. 
When all the apoferritin in the enterocyte was converted into 
ferritin, further entry of iron into the enterocyte was blocked. 
Thus, the mucosa has a mechanism for blocking the absorp-
tion of unwanted iron. This theory was modifi ed by the work 
of Crosby and his colleagues in the 1960s. It is now generally 
accepted that regulation is effected primarily at the basolateral 
(serosal) surface of the enterocyte rather than the mucosal sur-
face. If radio active iron is administered to normal, iron defi -
cient, or iron-loaded rats, there is not much difference in the 
iron taken up from the lumen of the gut. In case of normal or 
iron-loaded rates, much of this iron is retained in the muco sal 
cytosol, and very little radioactivity appears in the blood. But 
in case of iron-defi cient rats, much less radioactivity is retained 
in the mucosa, and a lot of it appears in the blood. In short, it is 
now believed that a rela tively constant amount of iron is taken 
up from the lumen by enterocytes. If iron needs are great, it is 
trans ferred to the blood. If the body is well-stocked with iron, 
most of the iron in the enterocyte gets incorporated in ferritin, 
and is lost when the enterocytes are shed into the lumen.
 It has been further found that ferritin content of the intes-
tinal mucosa increases with an increase in iron intake. Thus 
mucosal ferritin fl uctuates with iron stores of the body. As 
elsewhere, its synthesis increases when intracellular iron is 
increased. The essential difference, however, is that unlike fer-
ritin elsewhere, intestinal ferritin serves to mop up dietary iron, 
and helps its excretion when the cells are shed.
 One crucial question in the regulation of iron absorp tion 
is the nature of the signal iron requirements send to the ente-
rocyte so as to regulate iron transport at the baso lateral mem-
brane. The nature of this signal is still unknown, but serum fer-
ritin level is a potential candi date.

 While the original mucosal block theory is no longer 
accepted, there is fresh evidence that uptake of iron from the 
lumen of the gut may be affected to some extent by the iron 
status of the body. Iron receptors in brush border prepara-
tions of the small intestine are inversely related to the level 
of iron stores. Iron defi cient animals show an increase in the 
receptor population, which can be reversed by iron-loading. 
The statement that iron content of the body is regulated only by 
absorption is also true only to a limited extent. In cases of iron 
overload, some iron can be transported from the plasma to the 
enterocytes. This iron is lost when the enterocytes are shed into 
the lumen. Thus the intestine serves to excrete excess iron in a 
bid to prevent accumulation of excessive iron in the body.
 Our current understanding of the regulation of iron absorp-
tion is still in a state of fl ux. The control seems to reside pri-
marily in the need-based transfer of iron from the enterocyte to 
the portal blood. However, some control is also exerted at the 
level of uptake of iron from the intestinal lumen. The iron left 
behind in enterocytes after absorption into the blood stream is 
removed from the body along with the enterocytes when these 
are shed into the intestinal lumen.

Calcium Absorption
Calcium is essential for the integrity of bones and teeth. Its 
supply is, at best, marginal in diets which do not include sub-
stantial amounts of milk and milk products. Its absorption is 
also rather poor. Normally, only 10 to 30% of the intake is 
absorbed; even under the best of circumstances, the fraction is 
under 60%. Hence it is important to understand the mechanism 
of calcium absorption, and the factors affecting it.
 Calcium is absorbed by an active carrier-mediated proc-
ess. The absorption is maximum in the duodenum and jejunum 
because it is favoured by an acidic environ ment. The absorbed 
calcium includes both dietary (exogenous) calcium and the cal-
cium present in gastrointestinal secretions (endogenous).
 The mucosal epithelium of the small intestine contains a 
calcium binding protein (CaBP) which possibly acts as a car-
rier for calcium transport. The synthesis of CaBP is stimulated 
by the active form of vitamin D, 1, 25-dihydroxycholecalcif-
erol. That is why vitamin D stimu lates calcium absorption. 
Other intraluminal factors which enhance calcium absorption 
include an optimal calcium/phosphorus ratio, and the presence 
of lactose. As in case of iron, the absorption is higher when the 
need for calcium is greater.
 On the other hand, substances which form insoluble com-
plexs with calcium retard its absorption. These substances 
include oxalate, phytate and excessive fat, which form calcium 
oxalate, calcium phytate and soaps respectively. Besides, there 
is also a gradual impairment of calcium absorption associated 
with aging.

Zinc Absorption
Like iron and calcium, zinc intake is also, at best, marginally 
adequate in most diets. Out of the 10-15 mg normally ingested 
per day, 30-50 per cent is absorbed. The absorbed fraction 
increases when the requiremetns of the body are greater.
 Absorption takes place primarily in the upper small intes-
tine. It is aided by a binding ligand secreted in the pancreatic 
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juice. Absorption across the basolateral enterocyte membrane 
seems to involve an intracellular carrier, metallothionein. 
Metallothionein may regulate zinc absorption in accordance 
with the requirements of the body, and also provide a common 
pathway for absorption of some other minerals such as copper.

QUESTIONS AND PROBLEMS
1. Do non-vegetarians derive signifi cant quantities of carbo-

hydrate from fl esh foods? If yes, which carbo hydrates; if 
no, why not?

2. The discovery that glucose and sodium transport is coupled 
has been hailed as the most signifi cant contribution of basic 
sciences to clinical medicine in recent years. Comment.

3. Sir William Osler, one of the greatest physicians of all 
times, said “Man should go out of this world as he came 
in—chiefl y on milk”. Comment.

4. How is it advantageous to have enzymes for the fi nal diges-
tion of carbohydrates and proteins located in the brush bor-
der rather than in the lumen?

5. The gastrointestinal tract absorbs nearly 10 litres of water 
in a day. Does this volume represent the fl uid ingested 
everyday?

6. The fi rst successful treatment of pernicious anaemia was 
with liver. Since liver does not contain intrinsic factor, how 
was the therapy successful?

ANSWERS AND SOLUTIONS
1. No, the fl esh foods do not contain much carbo hydrates. 

Muscle and liver do contain a small quantity of glycogen in 
life, but even that is lost by autolysis soon after death.

2. It is an apt compliment because the discovery has made the 
treatment of diarrhoea, a major childhood disease, much 
simpler, safer and surer.

3. Milk is a relatively complete food which needs no chewing. 
Therefore it suits both extremes of age. But in old age there 
is a physiological decline in lactase activity which might 
make complete dependence on milk diffi cult.

4. This arrangement has at least the following potential merits:
 i. It is convenient because it ensures that the fi nal prod-

ucts of digestion are delivered very close to the site of 
absorption.

 ii. The fi nal products of digestion are small molecules, and 
are therefore capable of exerting much more osmotic 
pressure than the complex substances from which they 
are derived. By preventing the release of these small 
molecules into the lumen of the intestine, brush border 
enzymes prevent an undue increase in the osmotic pres-
sure of intestinal contents. Failure to do so would draw a 
large amount of water into the lumen, adding greatly to 
the fl uid absorptive load of the intestine.

 iii. Location within the brush border prevents the enzymes 
from getting digested by pancreatic proteolytic enzymes.

 iv. Brush border enzymes remove the products of pancre-
atic digestion from the lumen, thereby avoiding inhibi-
tion of pancreatic enzymes by these products.

 Similarly, brush border enzymes also facilitate prompt 
transfer of the products of their action to the blood stream, 
thereby preventing their own inhibition by these products.

 If all enzymes, substrates and products were to form a mix-
ture in the lumen, the products would inhibit the enzymes. 
Location of one group of enzymes in the mucosa produces a 
sort of compartmentalization which prevents this untoward 
effect.

5. No, the ingested water represents only a very small fraction 
of the water absorbed. Most of the water which is absorbed 
enters the gastrointestinal tract in the form of secretions 
(Salivary secretion, 1.2 L; gastric secretion, 2.0 L; pancre-
atic secretion, 1.2. L; bile, 0.7 L; small intestinal secretion, 
2.0 L).

6. Besides absorption by the specifi c intrinsic factor depend-
ent mechanism, 1 per cent of any dose of vitamin B12 is 
absorbed by nonspecifi c simple diffusion. Therefore if mas-
sive doses of vitamin B12 are given orally, enough of the 
vitamin gets absorbed to correct pernicious anaemia. Since 
liver provides massive doses of vitamin B12 it can treat per-
nicious anaemia successfully.
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6.8
The Colon: Wanted,

But Not Much

Colon is not commonly considered an interesting object of 
study, perhaps because of its association with faecal matter. 
Further, its role is limited by the fact that not much of the 
ingested food is left for the colon to handle. But what the colon 
does with whatever is left is important enough to the economy 
of the body to merit attention. The principal functions of the 
colon are absorption, fermentation, storage and defecation. Of 
these, the fi rst two are primarily the functions of the proximal 
colon, and the last two those of the distal colon. The proximal 
colon helps conserve the water and electrolytes which escape 
absorption in the small intestine. The distal colon is not so 
good at this task because its epithelium is relatively imperme-
able, perhaps due to extremely effi cient tight junctions. This 
is a very appropriate organization because the proximal colon 
conserves essentially all that has escaped the small intestine. If 
the distal colon were to absorb still more water, it would leave 
the stool uncomfortably dry. Further, a more permeable distal 
colon would lead to enormous ion exchanges due to the steep 
concentration gradient that exists across the colonic mucosa, 
thereby nullifying part of the work done by the proximal 
colon. For example, the sodium and chloride concentrations 
in the distal colon are 40 and 15 mEq/L respectively, which 
are much less than in the plasma. A permeable distal colon 
would result in a massive effl ux of sodium and chloride from 
the bloodstream.

ABSORPTION
The absorptive function, and also some other functions of the 
colon, have often been assessed indirectly from studies on ile-
ostomized individuals. In these subjects, the colon and rectum 
have been removed surgically, and a few centimetres of the ter-
minal ileum are brought out through an opening in the anterior 
abdominal wall. The ileal effl uent is collected in a bag which is 
emptied periodically. The volume and composition of the ileal 
effl u ent are studied, and the same parameters are studied on 
normal faeces. Comparison of the charac teristics of the ileal 
effl uent and those of faeces gives an idea of what the colon 
does when it is present. The major drawback of this technique 
is that the small intestine of subjects with ileostomy gradually 
undergoes compen satory changes so that it takes over a part of 
the normal colonic functions. Therefore, studies on these sub-
jects understimate the absorptive function of colon. Another 

technique which has been employed for studying absorption 
is perfusion of the colon. It has been criticized on the grounds 
of studying colonic function under un natural conditions. An 
improvement was devised by Phillips and Giller in 1973 who 
infused a nonabsorbable marker into the ileum to assess the 
composition of ter minal ileal contents. Faecal volume and 
composition were also studied in the same subjects. A com-
parison of the terminal ileal contents and faeces gave the net 
colonic absorption.

Sodium Absorption
Sodium is absorbed in the colon actively by an electro genic 
pump located in the brush border, which makes the lumen 30 
to 40 mV negative as compared to the enterocytes (Fig. 6.8.1). 
In addition, there is also a Na+/H +, and perhaps a Na+/K + 
exchange mechanism for absorption of sodium (Fig. 6.8.2). 
The sodium which collects in enterocytes is further transferred 
to body fl uids by a basolateral pump, which is also an active 
transport mechanism. About 200 mEq of sodium enters the 
colon everyday, more than 95% of which is absorbed. If the 
amount presented to the colon increases, as may happen in 
diarrhoea, it can absorb up to about 800 mEq of sodium per 
day.

Chloride Absorption
Chloride absorption in the colon is essentially pas-
sive and is driven by the potential difference generated
by sodium absorption. However, an independent Cl –/HCO 3

– 
exchange mechanism also exists at the luminal surface of ente-
rocytes. About 100 mEq of chloride enters the colon everyday, 
more than 95% of which is absorbed.

Water Absorption
The absorption of water in the colon is passive, and is driven 
by the osmotic gradient generated by sodium absorp tion. The 
colon is presented with about 1500 mL of water everyday, 
more than 90% of which gets absorbed. The maximum capac-
ity of the colon for water absorption is about 6 litres.

Potassium
Potassium can be absorbed as well as secreted by the colon. 
The absorption is passive, and takes place only at high lumen 
concentrations. The secretion of potassium is partly passive, 
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and is driven by the electrical gradient gene rated by sodium 
absorption. The secretion, how ever, is not commensurate with 
the transmucossal poten tial difference of 30 to 40 mV because 
of the low perme ability of colonic epithelium. In addition, 
there is possibly also an active potassium secretory mechanism 
in the colon in the form of Na+/K+ exchange. The net result of 
movement of potassium in both directions is absor ption if its 
lumenal concentration is above 15 mM. On the other hand, if 
the concentration is below 15 mM, the net result is potassium 
secretion. Normally, about 10 mEq of potassium is presented to 
the colon, of which about 50 per cent is lost in the faeces. Thus 
there is a net absorption of about 5 mEq per day. If required, 
the colon can absorb up to about 40 mEq of potassium daily.

Bicarbonate
Bicarbonate is generally secreted rather than absorbed. It is 
secreted in the course of chloride-bicarbonate exchange. The 
high concentration of carbonic anhydrase in colonic entero-
cytes helps maintain a steady supply of bicarbonate for the 
exchange. However, if the lumenal concentration of bicar-
bonate is above 25 mM, there is net absorption instead of 
secretion.1

 The above account of water and electrolyte absorption 
in the colon has been kept brief because the mechanisms 

are essentially the same as described in the small intestine 
(Chapter 6.7). However, in the large intestine, the absorp tion 
of sodium is not coupled to that of glucose. It may be argued 
teleologically that such a mechanism would be superfl uous in 
the large intestine because there is no glucose to be absorbed. 
Further, although the small intestine absorbs a much larger 
quantity of water and electro lytes, it is the large intestine which 
is more effi cient in absorption in that it absorbs up to 99% of 
water, sodium and chloride presented to it.
 Besides water and electrolytes, the colon also absorbs a 
small but signifi cant amount of nutrients. Since these nutrients 
are generally made available by bacterial acti vity, their absorp-
tion will be discussed in the next section.

FERMENTATION
Colon is dark, moist, warm, neither very acidic nor alka line, 
and has food, which stays there a long-time. These are ideal 
conditions for microbial growth. It is not surpri sing, therefore, 
that the colon has a large popu lation of metabolically active 
microorganisms—bacteria, pro tozoa, and also fungi. Among 
these, the relatively better studied group consists of the bacte-
ria. The bacte rial populatioan of the colon is highly stable in 
number as well as composition, which implies that the bacteria 
and the host form a mutually interdependent ecosystem, which 
resists invasion by alien organisms. The ecosystem is stable, 
but not static. It is in a state of continuous fl ux due to the large 
faecal excretion of bacteria. Bacteria are present in the colon 
in the lumen as well as in association with the mucosa. A pri-
mary layer of bacteria adheres to epithelial cells; several more 
layers of bacteria adhere to the primary layer and to each other. 
The metabolic activity of bacteria not only sustains the bacte-
ria, but also has important conse quences for the host which are 
just beginning to be understood. The fermentation carried out 
by bacteria degrades the undigested carbo hydrates, proteins 
and fats, the indigestible dietary fi bre, and also the contents of 
large intestinal secretions and sloughed colonic enterocytes.2 
A part of the energy so released is used by the bacteria, but a 
substantial fraction is absorbed and utilised by the host. Thus 
the bacteria help us salvage a considerable part of what would 
have otherwise been wasted. Therefore, bacteria are ordinar-
ily an asset rather than a liability to the host. Bacteria interfere 
with nutrient supply to the host only when there is a pathologi-
cal overgrowth.

Carbohydrate Fermentation
Carbohydrates are the major substrate for bacterial fermen-
tation. The sources of carbohydrate in the colon include 
undigested dietary starch; dietary fibre; indiges tible oli-
gosaccharides, such as raffinose and stachyose3 and 
mucopolysaccharides and glycoproteins present in intestinal 
secretions and sloughed enterocytes. The endo genous contri-
bution tends to make the carbo hydrate pool relatively homog-

Fig. 6.8.1: Electrogenic sodium absorption in the colon. Note that the 
process is similar to that in the small intestine (Fig. 6.7.10). However, 
glucose or amino acid coupled electrogenic sodium transport does 
not take place in the colon.

Fig. 6.8.2: Electroneutral sodium absorption in the colon. Note that the 
process is similar to that in the small intestine (Fig. 6.7.11). However, 
sodium-potassium exchange is a prominent feature only in the colon.

1 The faecal concentratiaon of bicarbonate is not as high as might be expected from the fact that it is secreted because it reacts with the acidic products of 
bacterial fermentation to form carbon dioxide, which is expelled in the gaseous form.
2 The contents of small intestinal secretions and enterocytes are salvaged mainly by digestion and absorption in the small intestine.
3 Raffi nose and stachyose are present in beans. Since the fermentation of these oligosaccharides in the large intestine results in formation of gas, beans 
may produce fl atulence.
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enous from day to day, and may account for the stability of the 
bacterial fl ora.
 The principal products of bacterial carbohydrate meta-
bolism in the colon are the short chain fatty acids (SCFA), 
acetate, propionate and butyrate, also referred to as volatile 
fatty acids (VFA); and some gases, viz. carbon dioxide, hydro-
gen and methane (Fig. 6.8.3). Gases are eliminated from the 
body as fl atus or in the expired air, and not much is known 
about their impact on the host. But more than 90% of VFA are 
absorbed, and their role in the physiology of the host seems to 
be considerable.

Absorption of VFA
The pK of VFA is 4.8, whereas the pH in the colon is nearly 
neutral. Therefore most of the VFA in the colon are present as 
anions.4 On the other hand, most of the VFA are absorbed in 
the nonionic form, which is lipid soluble, and therefore more 
easily able to traverse a lipo protein membrane. The conver-
sion of VFA anions into undissociated acids needs hydrogen 
ions. The chief sources of H + in the colon are thought to be the 
disso lution of CO2, producing H + and HCO3

–, and the Na+/H + 
exchange mechanism located in the enterocyte membrane (see 
above). Since H + are used for producing undissociated VFA, 
which are subsequently absorbed, VFA absorption has two sec-
ondary consequences: addition of HCO3

– to the colonic con-
tents, and stimu lation of Na+/H + exchange leading to greater 
Na+ absorp tion. The absorption of VFA is passive, but may be 
facilitated by a membrane carrier. However, a small quan tity of 
VFA is also absorbed in the ionic form, the pathway for which 
may be paracellular.

Physiological Role of VFA
VFA have important physiological effects locally in the 
colon as well as systemically. Butyrate is the preferred fuel 
for colonic epithelial cells. Besides being a source of energy 
supply to the colonocytes, VFA also affect the rate of cell divi-
sion in the colonic epithelium. They increase the proliferation 
of normal cells, but suppress the proliferation of malignant 
cells. They may therefore have a role in prevention of color-
ectal cancer. VFA also have a vasodilator effect, by virtue of 
which they cause an increase in colonic blood fl ow.
 Since butyrate is used as fuel by the colon epithelium, 
the portal blood contains mainly acetate and propionate. 
Propionate is cleared largely in the liver, where it may affect 
the rates of glycolysis and lipogenesis signifi cantly. Thus ace-
tate is the major VFA in the systemic circulation, where it can 

be metabolised like acetate from other sources. Besides all the 
specifi c effects, absorbed VFA make a small but defi nite contri-
bution to the energy supplies of the host.

Protein Fermentation
As in case of carbohydrates, a small but signifi cant amount of 
protein reaches undigested in the large intes tine. In addition, 
secretions and sloughed cells also add some protein to the 
large intestinal contents. Intestinal bacteria possess proteases 
to hydrolyse proteins and peptides, as well as deaminases to 
degrade amino acids. The major nitrogenous product of bacte-
rial activity is ammonia. Part of the ammonia is used by the 
bacteria for amino acid synthesis, and part is absorbed into 
the portal circulation. The liver detoxifi es ammonia to urea. 
Besides ammonia, another source of nitrogen is urea which 
diffuses from the blood into the colon. Colonic bacteria can 
hydrolyse urea into ammonia and use it as mentioned above. 
The principal pathways involved in bacterial nitrogen metabo-
lism have been shown in Figure 6.8.4. As seen in the fi gure, 
there is an enterohepatic circulation of ammonia and urea. Part 
of the urea manu factured by the liver diffuses into the colon 
where it is hydrolysed into ammonia. Part of this ammonia 
travels back to the liver, where it is resyn thesized into urea.
 Bacterial nitrogen metabolism has important impli cations 
for liver and kidney disease, and requires diffe rent types of 
manipulation for treatment. In liver disease, the capacity of the 
liver to synthesize urea is impaired. Therefore all the ammonia 
produced in the colon may not be converted into urea, and may 
hence escape into the general circulation. High levels of circu-
lating ammo nia have adverse effects on the body. Therefore 

Fig. 6.8.3: Fermentation of carbohydrates in the colon. VFA, volatile 
fatty acids; But, butyrate; Prop, propionate; Ac, acetate. Thick arrows 
represent the major route followed by the product of fermentation.

4 The distribution of weak acids like VFA into the two forms is in accordance with the Henderson-Hasselbalch equation, viz.

 pH = pK + log 
(A–)
(HA)

 In this particular situation, assuming the pH of the colon to be 6.8.

 6.8 = 4.8 + log 
(A–)
(HA)

 or log  
(A–)
(HA)

 = 2.0

 or  
(A–)
(HA)

 = 100

 Thus the concentration of the anionic form is 100 times that of the non-ionic form.
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it is potentially helpful to the patient if colonic ammonia syn-
thesis is minimized by using antibiotics like neomycin which 
reduce the colonic bacterial population. On the other hand, in 
kidney disease, the capacity of the kidney to excrete urea is 
impaired. Hence it is of potential benefi t to the patient if some 
of the circulating urea can be elimi nated by bacterial activity in 
the gut. It would help the patient further if the ammonia gener-
ated in the colon can be prevented from getting absorbed. In 
renal disease, however, it has, so far, not been possible to trans-
late these theore tical considerations into a practical therapeutic 
approach.

Fermentation of Fats and Related Compounds
Bacteria hydrolyse triglycerides into glycerol and fatty acids. 
Glycerol is fermented further but fatty acids are degraded only 
if retained in the colon for at least four days. Degradation of 
fatty acids yields hydrogen, acetate, and in case of fatty acids 
with odd number of carbon atoms, carbon dioxide.
 A considerable quantity of cholesterol also escapes absorp-
tion in the small intestine. In the large intestine, bacterial 
activity changes it to the neutral sterols, copro stanone and 
coprostanol.
 In spite of a specifi c mechanism for absorption of bile acids 
in the terminal ileum, about 25% of the bile acids secreted in 
bile reach the caecum. In the large intestine, bile acids undergo 
two major changes as a result of bacterial activity. First, the 
glycine and taurine moieties, with which bile acids are conju-
gated, are removed by hydrolysis. Second, the free bile acids 
undergo dehydroxylation, forming secondary bile acids. Some 
of the secondary bile acids are absorbed in sub stantial amount; 
the remainder are excreted in the faeces. The absorbed bile 
acids undergo enterohepatic circu lation (Chapter 6.6).

Effect of Diet on the Microfl ora
Since bacteria metabolise remnants of the diet ingested by 
the host, it may be reasonably expected that dietary changes 
would alter the nature of intestinal microfl ora. But investiga-
tions designed to study this issue have found the microfl ora to 
be rather constant and stable. The reasons for the unexpected 
behaviour possibly are:

i. The effect of dietary changes is slow while most studies are 
relatively short.

ii. The studies are confi ned to quantitation of only a few major 
species in easily obtainable samples (distal colonic contents 
and faeces).

iii. The composition of colonic contents does not change as 
much as the diet. Colonic contents consist of, besides dietary 
remnants, intestinal secretions and sloughed cells. Since the 
latter constituents are fairly constant, the composition of the 
mixed contents varies much less than the composition of 
the diet. Further, it has been shown that colonic absorption 
is altered so as to keep the composition of colonic contents 
constant. Thus in spite of dietary fl uctua tions, the microor-
ganisms get a fairly stable environ ment.

iv. Bacteria are known to respond to changes in sub strate 
availability by a change in metabolic activity. Thus dietary 
changes may modify bacterial meta bolism without alter-
ing the composition of micro fl ora in terms of the traditional 
classifi cation.

Effect of Microfl ora on the Host
Intestinal microfl ora and the host are in a symbiotic relation-
ship. The remarkable extent to which microfl ora affect the 
host has become apparent by studies on germ-free animals. If 
the intestinal microbes are eliminated, the intestinal contents 
become voluminous, the caecum is dilated and the intestine 
remains thin walled. Histolo gi cally, in germ-free animals, the 
villi are shorter, epithe lial cell turnover is reduced and gut-
associated lymphoid tissue is atrophic. From a functional point 
of view, in the absence of fl ora, mucosal disaccharidase activ-
ity is increased and nutrient absorption is more effi cient, but 
gastric and intestinal motility is slower, and immuno logical 
defence mechanisms are weaker. Regarding infections, the pro-
tective infl uence of intestinal microfl ora extends beyond the 
gut. Through an ill-understood mechanism, normal enteral fl ora 
protect also against parenteral infections. Bowel fl ora have also 
been given the credit for synthesizing several vitamins. These 
vitamins include vitamin K, cyano cobalamin, folate, pyridox-
ine, biotin, pantothenate and ribofl avin. Although the synthesis 
of these vitamins may exceed bacterial requirements, and some 
of the surplus may be absorbed by the colon, this function of 
the microfl ora is not essential for health. Antibiotics which 
reduce the normal bacterial fl ora of the gut only occasionally 
cause vitamin K defi ciency.

STORAGE
The capacity of the colon to store residue for long periods of 
time is closely related to its absorptive function and motil-
ity. The colon is able to store the material entering it because 
its effi cient absorptive mechanisms reduce the volume of the 
contents markedly. The other factor which makes storage pos-
sible is the pattern of colonic motility. The propulsive move-
ments in the transverse colon are retrograde, i.e. they gently 
propel the contents towards the caecum. This allows maximum 
time for the contents to be exposed to the absorptive surface. 
In the distal colon also there is a pressure gradient from the 
sigmoid colon towards the descending colon which favours 

Fig. 6.8.4: Fermentation of proteins in the colon. In liver disease 
formation of ammonia (1) is reduced by using antibiotics which reduce 
bacterial population in the colon. In renal diseases, it would be helpful 
to reduce the necessity for renal excretion of urea (4).
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continence. The gradient is only temporarily reversed during 
defaecation.
 The long duration of stay in the colon may be judged from 
the difference between the mouth-to-caecum transit time and 
the mouth-to-anus transit time. One measure of mouth-to-cae-
cum transit time is the time after ingestion when breath hydro-
gen concentratioan starts rising. The rise takes place because 
when the unabsorbed part of a meal reaches the caecum, it is 
fermented by bacteria to produce hydrogen. Part of the hydro-
gen is absor bed into the blood stream. Circulating hydrogen 
diffuses into the lungs and is eliminated with the expired air. 
The mouth-to-caecum transit time measured by this tech nique 
is 2 to 4 hours. The technique commonly used for measure-
ment of mouth-to-anus transit time depends on the time taken 
for the appearance of an ingested marker in the stool. The 
mouth-to-anus transit time of Indian subjects by this tech-
nique is about 30 hours accor ding to the studies of PS Shetty. 
Although the rise in breath hydrogen concentration corre-
sponds to the entry of the fastest travelling components of food 
into the caecum, it is unlikely that any signifi cant part of a 
meal would be found in the small intestine more than 10 hours 
after a meal. Thus the food residue spends more than 20 hours 
in the large intestine before the residue of the residue is lost in 
faeces.

DEFAECATION
Defaecation may be viewed as a transient suspension of the 
storage function of the colon involving a marked change in its 
motility. The factors which trigger defaecation, and the mecha-
nisms involved, have been dealt with in the chapter on gas-
trointestinal motility (Chapter 6.9).

THE PLACE OF COLON IN THE BODY
Colon salvages much of what has escaped absorption in the 
small intestine. While this is the only obvious contribution 
of the colon to the economy of the body, there may be other 

subtle functions which we can speculate about. But the fact is 
that persons who have undergone total colectomy for a non-
malignant disease like ulcerative colitis lead essentially normal 
lives. During the early postoperative period they lose a large 
but still affordable quantity of water and electrolytes. But as 
time goes on, even that loss decreases since the small intes-
tine adapts to the absence of the large intestine, and takes over 
some of its function. However, these persons still remain sus-
ceptible to renal calculi due to excessive water loss, to prevent 
which they need to take a lot more water than those having 
a colon. Emerson expressed the place of individuals in soci-
ety beautifully when he said, “Everyone is needed; nobody is 
needed much”. The place of the large intestine in the body may 
be summed up in a similar vein: the colon is needed; it is not 
needed much.

QUESTIONS AND PROBLEMS
1. Compare the effect of right and left hemicolectomy on 

stool. How would you explain the difference, if any?
2. Why is vitamin B complex given to patients on broad spec-

trum antibiotics?

ANSWERS AND SOLUTIONS
1. Right hemicolectomy is six times as likely to produce sig-

nifi cant diarrhoea as left hemicolectomy. This is so because 
the absorptive capacity of the proximal colon is greater than 
that of the distal colon.

2. Broad spectrum antibiotics reduce the bacterial population 
of the gut. It is generally believed that bacteria contribute to 
the vitamin B supplies of the host. Although in most experi-
mental studies, antibiotics only occasionally produce vita-
min K defi ciency, clinically vitamin B is routinely given 
whenever a patient is put on antibiotics. That is how the 
science of medicine differs from the practice of medicine: 
in science, facts are supreme; but in practice, we frequently 
err on the safer side.
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6.9
Motility of the Gut

Processing of food in the gut is generally discussed in great 
detail but the movement of food through the gut which accom-
panies it is taken for granted. Since diges tion of food is a 
sequential process, and successive steps in the sequence are 
located in progressively distal regions of the gut, propulsion 
of contents is indispensable for normal function. Besides pro-
pulsion, movements of the gut also serve to mix the contents 
in the lumen. Accor dingly, there are two functional types of 
move ments seen in the gut—propulsive and mixing. The rela-
tive impor tance and intensity of the two varies with the region 
of the gut and the stage of digestion.
 The various methods used for studying motility of the 
gut are unfortunately capable of looking at only one aspect 
at a time. For example, manometric studies monitor pressure 
changes in the gut without telling whether the impact of the 
pressure is primarily on propulsion or mixing. Radiological 
techniques, fi rst employed by Walter Cannon, trace the pro-
gression of contents without telling us anything about the 
pressure developed. Recording of the electrical activity of the 
smooth muscle of gut does not give much information about 
the mechanical aspects of the activity. Therefore, it is desirable 
to employ a combination of more than one of these techniques.
 Smooth muscle of the gastrointestinal tract is made up 
of long and thin cells which are organised into bundles. The 
cells are linked to one another by low resistance pathways at 
tight junctions. That is why gastrointestinal smooth muscle 
behaves like a functional syncytium. The muscle cells contain 
actin and myosin fi laments. Although these are not as well-
arranged as in skeletal muscles, they are suffi ciently organ-
ized to be compatible with the sliding fi lament mechanism 
of contraction. As in skeletal muscle, contraction depends on 
an increase in sarcoplasmic calcium ion concentration. But 
unlike in skeletal muscle, calcium combines with a calcium-
binding protein, calmodulin, in the sarcoplasm, and activates 
a myosin kinase. Phosphorylated myosin interacts with actin 
to bring about contraction. Also, unlike in skeletal muscle, the 
sarcoplasmic reticulum is poorly developed. Therefore, the 
muscle depends on the entry of extracellular calcium for exci-
tation-contraction coupling. Hence the contraction is slower 
than in skeletal muscle. Further, relaxation requires removal 
of calcium. Since the poorly developed sarcoplasmic reticu-
lum cannot mop up calcium promptly, relaxation is also a slow 

process. Musculature of the gastrointestinal tract has a well-
developed intrinsic nervous system, on which is superimposed 
a rich extrinsic nerve supply (Chapter 6.2). But in spite of this 
rich innervation, the gut does not depend upon it for its activity. 
The gut has auto nomous activity, which is merely modulated 
by neural (and humoral) factors.
 The cell membrane of smooth muscle cells is more perme-
able to ions than is the case with skeletal muscle. Therefore 
the resting membrane potential is lower, i.e. about –60 mV. 
Further, in case of gastrointestinal smooth muscle, the resting 
membrane potential undergoes a rhythmic change called the 
basal electrical rhythm (BER). BER is thought to be due to a 
rhythmic change in the sodium pump activity, or in the con-
ductance of some other ion. Thus the gastrointestinal smooth 
muscle membrane is not only leaky, its leakiness fl uctuates in 
a cyclic manner. The frequency of BER is remarkably constant 
for a given region of gut. During these cyclic fl uctuations, if 
the resting membrane potential crosses the threshold for excita-
tion, an action potential or a burst of action potentials may be 
fi red (Fig. 6.9.1). Neuro humoral factors which affect excitabil-
ity of gastro intestinal smooth muscle do so by altering either 

Fig. 6.9.1: Relationship between electrical activity (upper panel) and 
mechanical activity (lower panel) in gastrointestinal smooth muscle. 
When the basal electrical rhythm crosses a threshold value (dotted 
line), there is a burst of spikes, which is associated with a wave of 
contraction.
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the baseline resting membrane potential, or the amplitude of 
depolarization associated with BER; sometimes they also make 
a small change in the frequency of BER.
 In each segment of the gut there are a group of smooth 
muscle cells, the inherent frequency of BER of which is higher 
than that of neighbouring cells. These cells set the pace of BER 
frequency throughout the segment, and are therefore called 
pacemaker cells. Unlike the heart, the intestine needs a new set 
of pacemaker cells in every seg ment because a wave of con-
traction seldom travels the whole length of the intestine. When 
a wave of contrac tion dies out, a fresh wave is initiated by the 
pace makers in the distal segment.
 The frequency of contractioan of gut smooth muscle is the 
same as the frequency of the BER. But the BER itself does 
not result in contraction. Contraction is associated with action 
potentials. Since bursts of action potential appear at the same 
frequency as the BER, contraction also takes place at the same 
frequency. The strength of contraction is related to the number 
of action potentials in the burst with which it is associated; 
larger the number, stronger the contraction.
 These are the general features of gastrointestinal motility. 
Some special features of motility concerning individual regions 
of the gut have been discussed at relevant places in the text. 
Some more specifi c regional characteristics are given below.

OESOPHAGUS
See Deglutition, Chapter 6.3.

STOMACH
See also Gastric Emptying, Chapter 6.4.
 The BER of stomach is about 3 per min. Therefore, irre-
spective of their functional role, gastric contractions have a 
frequency of about 3 per min. Gastric contractions have tra-
ditionally been somewhat arbitrarily divided into three types, 
depending on their amplitude. Contrac tions which generate 
pressure waves of only about 10 cm of water serve to mix the 
contents of the stomach. They are seen soon after ingestion. But 
as time passes the contractions get stronger. When the pressure 
waves achieve a level of about 60 cm of water they propel the 
contents towards the pylorus. But the pyloric sphincter allows 
only a small fraction of the propelled contents to enter the duo-
denum. The larger fraction of contents is squir ted back into the 
stomach, resulting in agitation and consequent mixing. Thus 
the stronger waves achieve both propulsion and mixing. Still 
stronger waves reaching a pressure level of 100 cm of water or 
even more are seen in association with hunger and are there-
fore called hunger contractions. Unlike the other contrac tions 
described so far, these are perceived consciously, as everyone 
knows through personal experi ence. These waves may be abol-
ished by ingesting food, injecting glucose, or even by distend-
ing the stomach with a balloon. However, even if none of these 
steps is taken, the contractions eventually subside. Conscious 
perception of hunger contractions contributes to the feeling 
of hunger. But there is more to hunger than contractions as is 
shown by the observation that even persons whose stomach has 
been removed surgically feel hungry.

 Besides hunger contractions, one more type of gastric mus-
cular activity seen during the interdigestive period has been 
recently described. The gastric antrum shows bursts of pro-
pulsive muscular activity every 60 to 180 min. The activity is 
conducted along the entire small bowel. As soon as the activity 
reaches the terminal ileum, a new wave begins in the stomach. 
The intense phase of muscular activity in each cycle lasts only 4 
to 7 min. Since the activity migrates from the stomach through 
the entire small bowel, and since it is associated with a well 
defi ned complex of electrical activity, it has been designated 
the migrating motor complex (MMC). The purpose of MMC 
possibly is to empty the stomach completely. Gastric emptying 
activity following a meal may still leave behind a small resi-
due of food. Further, during the interdigestive period, a small 
amount of gastric secretion, swallowed saliva, cellular debris 
and refl uxed duodenal secretion often collect in the stomach. 
These small amounts of material, unlike a meal, cannot acti-
vate the usual gastric emptying movements. But MMC empties 
the stomach completely and sweeps the contents through the 
small intestine. MMC is interrupted most effectively by entry 
of nutrients (e.g. milk) into the stomach, but introducing saline, 
or distending the stomach by a balloon also interrupt it. Thus 
the cyclic occurrence of MMC is a phenomenon seen only 
on empty stomach. The mechanism underlying MMC is still 
unknown, but motilin may have a major role in its causation. 
MMC coincides with peak motilin levels in the blood, and may 
be induced by exogenous adminis tration of motilin.

SMALL INTESTINE
The small intestine shows both propulsive and mixing types of 
movements. Propulsive movements of the small intestine are 
called peristalsis. Peristalsis consists of a ring of contraction in 
one segment, and receptive relaxa tion in the immediately distal 
segment. This results in propulsion of contents from the con-
tracted segment to the relaxed segment. This is promptly fol-
lowed by contraction of the segment which was earlier relaxed, 
and relaxation of the segment which is distal to it. Thus a wave 
of contraction travels distally, resulting in propulsion of the 
contents. A mental picture of peristalsis may be formed by 
encircling a rubber tube tightly with a fi nger, and moving the 
fi nger along the tube. Peristalsis is present even if the intestine 
is deprived of extrinsic innervation. Mere stretching of a seg-
ment of the intestine by the contents within it is enough to initi-
ate peristalsis. A fascinating question which is frequently asked 
about peristalsis is why it always proceeds from the proximal 
to the distal end of the gut. A fully satisfactory answer to this 
question is yet to be found, but at least two explanations have 
been proposed. One of these is based on the observation that 
the frequency of BER declines progressively from the duode-
num to the ileum. It is 11-12 per min in the duodenum, and 
8-9 per min in the ileum. Since the frequency of contraction 
is similar to the frequency of BER, the velocity of peristalsis 
is faster in the proximal than in the distal regions of the small 
intestine. This is thought to be at least part of the reason why 
propulsion is directed distally. An alternative explanation con-
siders receptive relaxation to be responsi ble for the direction of 
the peristaltic wave. Since receptive relaxation always appears 
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distally, the contents move distally. But this explanation invites 
the question why receptive relaxation appears only distally. An 
attractive answer to this question has recently emerged from 
neurotransmitter studies. In the enteric nervous system, VIP-
ergic neurons are aborally oriented, while those releasing sub-
stance P extend towards the oral end. Since VIP causes relaxa-
tion, and substance P causes contraction of intestinal smooth 
muscle, the neuronal arrangement might explain why receptive 
relaxation is always towards the aboral end.
 The mixing movements of small intestine have been tradi-
tionally classifi ed into two categories: segmentation and pen-
dular movements. In segmentation, rings of contraction appear 
at irregular intervals of distance, the average distance being 
about 1 cm. These contractions seem to divide the intestine 
into a series of segments. Functionally, segmentation churns 
the contents, resulting in mixing. Pendular movements are so 
called because they toss the food alternatively to one side and 
then the other, the pattern of movement resembling the motion 
of a pendulum.
 The propulsive and mixing movements described 
above result from the activity of the longitudinal and circu-
lar layers of smooth muscle. The thin muscularis mucosae 
also shows contractions at a frequency of about 3 per min. 
These movements, although weak, may contribute to mixing. 
Further, the villi also show well coordinated movements, 
which possibly help in emptying the lacteals by a ‘milking’ 
action.
 Intestinal movements are affected by a number of refl exes 
of physiological importance.

Gastroileal Refl ex
Increased secretory and motor activity of the stomach, which 
occurs normally soon after a meal, increases motility of the 
ileum and relaxes the ileocaecal sphincter. This refl ex is appar-
ently designed to empty the small intestine in anticipation of 
the material that is going to fi ll it again. This refl ex is possibly 
mediated by gastrin.1

Ileogastric Refl ex
Distension of the ileum leads to a decrease in gastric motility. 
This refl ex is apparently useful in preventing further distension 
of the ileum.

Intestointestinal Refl ex
Distension of one segment of the ileum leads to relaxa tion in 
the rest of the intestine. This refl ex would either relieve dis-
tension, or stop further movements till the cause of the disten-
sion has been removed. This refl ex is dependent on extrinsic 
innervation.

LARGE INTESTINE
The major mixing movement of the large intestine is segmenta-
tion. Segmental contraction generates a pressure of 10-16 mm 

of mercury in the distal colon, and occurs with a frequency of 
2-3 per min. Since these contractions are much stronger than 
the segmental contractions of the small intestine, they divide 
the large intestine into very distinct segments called haustra 
(haustor, drawer). Such strong contractions are needed in the 
large intestine because the luminal contents undergo a change 
of consistency from liquid to semi-solid in the large intestine. 
Semi-solid contents take more pressure for mixing, and it is 
necessary to mix semi-solid contents to renew the material in 
contact with the mucosa. If the same material were to stay in 
contact with the mucosa for long, absorption of water would 
make the material in contact very hard, and the rest of the 
material would remain quite watery. Continual renewal of the 
material ensures its homogeneity.
 Propulsion of large intestinal contents is quite slow. It 
accelerates somewhat following a meal. The response seems 
to be mediated by gastrin and CCK and is frequently referred 
to as gastrocolic refl ex.2 Besides slow propulsion which may 
resullt from segmental move ments, powerful peristaltic move-
ments which empty a 20 cm segment of the colon en bloc occur 
1 to 3 times per day for 10 to 30 minutes at a time. Because 
of their scale of operation, they are sometimes called mass 
peristalsis.
 An interesting feature of movements of the large intestine 
is that most of the time there exists a steep pressure gradient 
from the anus to the splenic fl exure, the pressure being high 
in the rectum and anus. This gradient contributes to conti-
nence. During the defae cation refl ex, the gradient is temporar-
ily reversed and mass peristalsis empties the descending colon, 
sigmoid colon and rectum.

Defaecation Refl ex
Defaecation refl ex is induced by distension of rectum. How the 
rectum gets fi lled to a level suffi cient to cause dis tension is not 
certain. According to one school of thought, mass peristalsis 
occuring once to thrice a day results in rectal fi lling, resulting 
each time in a possible “call to stool”. According to another 
school of thought, rectal fi lling is a slow and continuous proc-
ess. Irres pective of how it takes place, information about dis-
tension of the rectum is conveyed to the spinal cord. After 
appropriate processing in the central nervous system, efferent 
fi bres travelling in nervi erigentes mediate the motor part of 
the refl ex. The preganglionic parasympathetic fi bres in nervi 
erigentes arise in the sacral segments (S2-S4) of the spinal cord. 
Their activation during the defecation refl ex leads to a propul-
sive wave extending from the descending colon through the 
sigmoid colon to the rectum, and relaxation of the inte rnal anal 
sphincter. Simultaneously, during the defe cation refl ex, the 
pudendal nerve is also activated, which leads to contraction 
of the external anal sphincter. While contraction of the rectum 
and relxation of the internal anal sphincter are conducive to 
evacuation, contraction of the external anal sphincter prevents 
it. This apparently contradictory response is, in fact, useful in 
that it provides us voluntary control over a refl ex mechanism. 

1 A response mediated by a hormone cannot be called a refl ex in the strict sense.
2 The term gastrocolic refl ex is a misnomer because neither is the response neurally mediated (to justify its being called a refl ex) nor does it originate 
only in the stomach. Meal-related propulsion of colonic contents is seen even after surgical removal of the stomach.
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External anal sphincter is a skeletal muscle, and is subject to 
voluntary control. If the conditions under which the defae-
cation refl ex gets activated are appropriate for evacuation, 
refl ex contraction of the external anal sphincter is voluntarily 
inhibited, thereby allowing evacuation. On the other hand, if 
the conditions are unsuitable, refl ex contraction of the exter-
nal anal sphincter is voluntarily reinforced, thereby achieving 
postponement of evacuation.
 Higher nervous control of the defaecation refl ex is not 
restricted to voluntary control of the external anal sphincter. 
In man, toilet training makes defaecation a very complex act 
indeed, so that it can be performed fairly regularly at a con-
venient time everyday, almost exactly when one would like 
it. It generally takes the shape of a conditioned refl ex, starting 
off when appropriate accompaniments are present. The usual 
associations are, the time of the day, the place, posture, and, 
frequently, reading or smoking. After assembling all the neces-
sary associations, the act is often triggered by a deep breath 
(which results in descent of the diaphragm, raising the abdomi-
nal pressure), contraction of abdominal muscles (which raise 
the abdominal pressure further, and urination (which presses 
the urinary bladder against the rectum, raising the intrarectal 
pressure). All these manoeuvres raise the intrarectal pressure to 

a level suffi cient to elicit the defaecation refl ex, which has been 
described already.

QUESTIONS AND PROBLEMS
1. The mixing and propulsive type of gastric movements differ 

principally in their
 a. amplitude
 b. frequency
 c. rhythmicity
 d. electrical correlates
2. Distension of the rectum refl exly brings about
 a. increased motor activity of the whole colon
 b. increased motor activity of the proximal colon but 

decreased activity of the distal colon
 c. decreased motor activity of the proximal colon but 

increased activity of the distal colon
 d. none of the above

ANSWERS AND SOLUTIONS
1. a
2. b
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6.10
Immunology of the Gut

The GIT contributes to homeostasis by helping in the replen-
ishment of nutrients being continually used up by the body 
(Chapter 6.1). The replenishment comes from the external envi-
ronment and goes to the internal environment. In the gut, the 
two environments not only come in intimate contact with each 
other, the barrier separating them is also a relatively perme-
able one. The external environment abounds in chemicals and 
microorganisms which could be harmful to the human body. 
Many of these potentially dangerous agents have ready access 
to the gastrointestinal tract. Our survival, therefore, depends 
upon the gastrointestinal tract being equipped with discrimina-
tory and defence mechanisms. Some of these mechanisms are 
as follows.

1. Mucus
The entire epithelial surface of the gut is lined with mucus, 
which provides a physical barrier.1

2. Epithelium
The mucosal epithelium offers variable resistance to passage 
of molecules, being least permeable in the stomach, and quite 
impermeable also in the colon. In the small intestine, the epi-
thelial barrier is weak in keeping with its absorptive function.

3. Secretions
Digestive enzymes present in gastrointestinal secretions reduce 
most of the potential antigens to an innocuous state. In addi-
tion, the large volume of gastrointestinal secretions helps dilute 
and fl ush out several toxic substances.

4. Acid
The highly acidic environment of the stomach is incompatible 
with the survival of most microorganisms. However, it may 
come as a surprise to you that some organisms can be cultured 
even from the stomach.

5. Exfoliation
The high turnover of gastrointestinal epithelium ensures that 
any damage to the mucosa would be promptly repaired, and 
any toxic agent trapped in the epithelium would be soon 
removed from the body.

6. Peristalsis
Propulsion of the luminal contents keeps the undesirable 
elements also moving and facilitates their removal from the 
body.

7. Commensal organisms
The gastrointestinal tract has a large bacterial population, 
which is largely symbiotic. These organisms can eliminate or 
at least keep in check the growth of pathogenic organisms by 
competing with them for nutrients available in the gut.

8. Portal circulation
All substances absorbed from the gastrointestinal tract into 
the bloodstream have to pass through the liver before enter-
ing the general circulation. The liver is equipped with enzymes 
which can inactivate or ‘detoxify’ a large variety of toxic 
substances.
 All the protective factors discussed above are, however, 
nonspecifi c mechanisms. The discovery of IgA in 1959 and 
rapid growth in the entire fi eld of immunology during the 
last three decades, has now made us aware of a highly devel-
oped system of specifi c mechanisms which protect us from 
potentially harmful agents. Immune responses to intestinally 
derived antigens2 have local as well as systemic components. 
An understanding of these mechanisms has given us a better 
insight into the pathogenesis of some diseases of the gut, such 
as coeliac disease and ulcerative colitis, and some diseases 
originating in the gut, such as food allergies and pernicious 
anaemia.

1 Mucus is a physical barrier, but the mucous lining is more than that. The lining of the gut contains not just mucus but also lymphocytes and antibodies. 
The antibodies belong mainly to the IgA class, and will be discussed later in the chapter. That is why Burnett has compared the lining of the gut to an 
“antiseptic paint.”
2 The term intestinally derived antigens includes food, bacteria, and occasionally, intestinal tissue antigens. It has been used in preference to intestinal 
tissue antigens, which may be interpreted literally as just the antigenic components of intestinal tissue. Somewhat irrationally though, the term gut anti-
gens is often used synonymously with intestinally derived antigens.
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ANATOMY OF THE IMMUNE APPARATUS OF 
THE GUT

The structural counterparts of the immune system of the gut are 
concentrated in the area of the Peyer’s patches (Fig. 6.10.1). 
Peyer’s patches, which are dense collections of lymphoid cells, 
are found throughout the small intestine, but are more numer-
ous in the ileum and appendix. Structures which appear to be 
involved in immune mechanisms are encountered also in the 
epithelial layer and lamina propria (Fig. 6.10.2).

1. Epithelium
The gut epithelium has some lymphocytes, most of them being 
T cells. Intraepithelial lymphocytes are least conspicuous in the 
oesophagus, and most numerous in the small intestine. Germ-
free animals have very few intraepithelial lymphocytes.
 The mucosal epithelium overlying the Peyer’s patches has 
cuboidal cells with very short microvilli. These cells have been 
termed M or microfold cells, and are possibly specialized for 
sampling antigens in the intestinal lumen (Fig. 6.10.3).

2. Peyer’s patches
Peyer’s patches are dense aggregates of lymphoid tissue, simi-
lar in architecture to the lymph nodes or tonsils. The subep-
ithelial area of the Peyer’s patches, also known as the dome 
area, has a fairly dense collection of T and B lymphocytes. 
The germinal centre, corresponding to the germinal centre of 
lymph nodes, consists mostly of B lymphocytes and some den-
dritic macrophages. The interfollicular area has mostly T lym-
phocytes and macrophages.
 The blood supply of Peyer’ patches is characterised by post-
capillary venules which bring lymphocytes to it. Lympocytes 
leave the Peyer’s patches via lymphatics. Peyer’s patches do 
not have any afferent lymphatics.

3. Lamina Propria Lymphocytes
Besides the organized Peyer’s patches, there is also a large 
concentration of scattered lymphocytes and plasma cells in the 
lamina propria. About 80% of the plasma cells are IgA cells, 
and most of the rest are IgM cells. In addition to lymphoid 
cells, there are also macrophages, mast cells, eosinophils, and 
neutrophils in the lamina propria.

CIRCULATION OF GUT LYMPHOID CELLS
Lymphocytes from the germinal centres and interfollicular 
areas of Peyer’s patches leave the intestine in efferent lymphat-
ics to reach fi rst the mesenteric lymph nodes and fi nally the 
thoracic duct (Fig. 6.10.4). Since the thoracic duct opens into 
the systemic blood circulation, the intestinal lymphoid cells 
gain access to the general circulation. But it is a remarkable 
feat of recognition that most of the cells originating in the intes-
tines return to the intestine and settle in the lamina propria. The 
phenomenon has been pictured as if the cells return home, and 
has accordingly been termed ‘homing.’ However, some of the 
cells do not ‘home’, but prefer to settle ‘abroad’, the favour-
ite sites being lungs and mammary glands. The few cells that 
do not return to the intestine do not make a ‘mistake’; their 

Fig. 6.10.1: Peyer’s patches. These are organized collections of 
lumphoid cells occupying a substantial part of the lamina propria as 
well as submucosa.

Fig. 6.10.2: Diagrammatic sketch of an intestinal villus with special 
attention to intraepithelial and lamina propria lymphocytes. Besides 
lymphocytes, the lamina propria also has other functionally related 
cells such as plasma cells, mast cells, macrophages and eosinophils.

Fig. 6.10.3: Diagrammatic sketch of an M cell surrounded by intestinal 
epithelial cells. The thin cytoplasmic processes of the M cell enclose 
a few lymphocytes and macrophages.
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‘nonconformism’ has a functional signifi cance as discussed 
later.3 The cells returning to the lamina propria are capable of 
synthesizing immunoglobulins, as mentioned already.

PHYSIOLOGY OF THE IMMUNE
APPARATUS OF THE GUT

Only a very small fraction of potentially antigenic material 
entering the gut is able to cross the mucosal epithelium. Some 
is taken care of by proteolytic enzymes, some by antibodies 
present in the lumen and some by those present in the mucous 
coat. Even if a substance escapes all these checks, the epi-
thelium prevents large molecules from entering the mucosa. 
If, however, an antigen does cross the mucosal epithelium, 
macrophages may phagocytose it, and no specifi c immune 
response may be evoked. Alternatively, the antigen may pass 
through microfold (M) cells which are present amidst mucosal 
epithelial cells. M cells overlie Peyer’s patches and seem to 
be specially designed for sampling the luminal antigens. It is 
uncertain whether M cells merely transport the antigens to the 
subepithelial area or also process them and act as antigen pre-
senting cells. The role of antigen presenting cells could also 
be played by macrophages present in the Peyer’s patches and 
lamina propria. Following the presentation of the antigen to 
immunocompetent cells, a specifi c humoral or cell mediated 
immune response may be initiated.

Humoral Immune Response
The antigen presenting cells interact with lymphocytes in the 
Peyer’s patches leading to proliferation of helper T cells. Helper 
T cells secrete substances which lead to proliferation of appro-
priate B cells which can secrete antigen-specifi c antibody. The 
primed B lymphocytes travel to the mesenteric lymph nodes in 
lymphatics from where they are drained by the thoracic duct. 
Thus they enter the general circulation as described above, and 
may return to the lamina propria or settle in other mucosal tis-
sues. Presence of primed antibody secreting cells in the Peyer’s 
patches and lamina propria leads to further clonal prolifera-
tion and antibody production on any subsequent exposure to 
the same antigen. The antibodies synthesized are generally of 

the IgA variety. When the antibody is of the IgM variety, its 
function is not known.4 In the rare instances where IgE is syn-
thesized, it possibly helps deal with a parasitic infection better.
 IgA synthesized by the B cells of lamina propria initially 
consists of two light chains (k or l) and two heavy  chains (a). 
The IgA monomer composed of these four chains has a MW of 
about 170,000. Small quantities of the monomer are secreted 
into the blood; the serum concentration of IgA achieved is 200 
mg/100 mL as compared to that of 1200 mg/100 mL for IgG. 
Most of the monomer is, however, transformed into a dimer 
with the help of a joining J-chain, also synthesized by the B 
cells (Fig. 6.10.5). The dimer is secreted through the intercel-
lular space between mucosal epithelial cells into the cytoplasm 
of these cells (Fig. 6.10.6). As the dimer passes through the 

Fig. 6.10.4: Circulation of gut lymphocytes.

3 Before you reach the section where it has been discussed, try and think what the functional signifi cance might be.
4 IgM may be only a biochemical reminder of evolution: it is phylogenetically the most primitive variety of antibodies.

Fig. 6.10.5: Diagrammatic representation of the secretory IgA 
molecule.

Fig. 6.10.6: Mechanism of secretion of IgA into the intestinal lumen. 
Lamina propria plasma cells secrete a dimer linked by a J chain. The 
dimer passes through the intercellular space in the epithelial layer to 
the cytoplasm of an epithelial cell. In the epithelial cell it acquires a 
secretory component, and is then secreted into the lumen.
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cell membrane, it forms a covalent linkage with a glycoprotein 
(secretory component, SC), synthesized by the mucosal cells. 
Now the IgA (MW 400,000) is ready for being secreted into 
the lumen. Two functions have been ascribed to the SC, viz. to 
help transfer across the epithelium by acting as an IgA receptor 
on the cell membrane, and to protect the antibody from hydrol-
ysis by proteolytic enzymes. Some IgM is also secreted into 
the intestinal lumen, but it is not joined to the SC. However, a 
loose, non-covalent association between IgM and SC has been 
described.
 IgA in the general circulation is secreted by the liver into 
the bile, and thus reaches the lumen. However, its functional 
signifi cance is doubtful in view of its susceptibility to break-
down by digestive enzymes.
 Although IgA is generally used as a generic term, it is well 
to remember that there are several species of IgA, each specifi c 
to the antigen which evoked it. After exposure to a new anti-
gen, IgA is secreted for a few days to a few weeks. If the indi-
vidual is exposed to the antigen for a long period of time, the 
secretion of the corresponding IgA becomes continuous. The 
antigens to which IgA is commonly secreted include commen-
sal bacterial fl ora of the gut, and some food proteins, specially 
those of milk, eggs and cereals.
 It was mentioned earlier that some IgA synthesizing B cells 
do not ‘home’ to the lamina propria, but instead settle in the 
lungs or the mammary glands. These cells synthesize IgA at 
these sites for local use. The functional signifi cance of anti-
bodies to gut antigens at these sites is not diffi cult to visualize. 
So far as the lungs are concerned, there is a lot in common 
between the antigens to which the respiratory and gastrointes-
tinal tract are exposed, both the tracts being exposed directly 
to the external environment. Furthermore, several substances 
swept from the respiratory tract by its ciliated epithelium move 
up to the throat, and are then swallowed. Thus the antigens 
which reach the respiratory tract to start with, may eventu-
ally land up in the gut. For subsequent exposures to the same 
antigens, then, it would be helpful to have the corresponding 
antibody present in the respiratory tract itself. Regarding the 
mammary glands, secretion of IgA into the milk provides local 
immunity to the infant’s gut against the antigens to which it is 
likely to be exposed. This aid comes in handy at a time when 
the gut is relatively permeable to large molecules, and the 
immune apparatus is still immature.

Cell-mediated Immune Response
Not much is known about cell-mediated immunity (CMI) in 
the gastrointestinal tract. However, there is considerable evi-
dence that gut antigens may induce intraepithelial lymphocytes 
to give rise to antigen-specifi c effector cytotoxic T cells and 
lmphokine-activated killer cells. Further, there is one impor-
tant difference between the local intestinal CMI and systemic 
CMI. Unlike systemic CMI which is expressed by production 
of only antigen-specifi c sensitized T cells, intestinal CMI is 
expressed by not only antigen-specifi c cytotoxic T cells but 
also by nonspecifi c cytotoxic cells such as natural killer (NK) 
cells. In the intestine simultaneous development of the non-
specifi c response may have a special role in preventing second-
ary opportunistic infections.

Other Immunological Responses to Gut Antigens
Gut antigens that do cross the mucosal epithelium but do 
not get phagocytosed by mucosal macrophages, evoke sys-
temic immune responses. Gut antigens may evoke two 
types of systemic immune responses, viz. tolerance and 
immunization.
 Tolerance is a systemic immune response which renders 
several antigenic substances non-immunogenic. Its mechanism 
is unknown, but several hypotheses have been proposed to 
explain it. It has been suggested that tolerance results from a 
limited entry of antigen into the systemic circulation. Relatively 
small antigenic molecules get absorbed from the gut into the 
blood-stream. Since substances absorbed into the blood fi rst 
pass through the liver, the liver might have an important role to 
play in evoking tolerance. This hypothesis is supported by the 
fact that it is diffi cult to induce tolerance in animals with cir-
rhosis of the liver.
 The second possible systemic immune response to intes-
tinally derived antigens is immunization. It is believed that 
larger molecules which are able to get past the intestinal 
mucosa are absorbed into the lymphatics. These molecules 
bypass the liver and evoke systemic immunization. Passage 
through the liver seems to be important for inducing toler-
ance. The Kupffer cells of the liver perhaps limit the amount 
of antigen entering the systemic circulation. On the other hand, 
bypassing the liver leads to an unrestrained systemic immune 
response. This analysis is supported by the observation that 
in liver disease IgG levels are raised. This possibly happens 
because several intestinally derived antigens which normally 
evoke tolerance perhaps lead to immunization when liver func-
tion is impaired.
 From the preceding discussion, it follows that systemic 
immunization, manifested by a full-blown IgG response, is 
evoked by a massive entry of the antigenic material into the 
systemic circulation. This might happen normally in case of 
large molecules, which are absorbed into the lymphatics and 
thus bypass the liver; or it might happen abnormally if the liver 
is diseased, or if the intestinal tract is excessively permeable 
to large molecules. Excessive permeability of the intestine is 
seen in infancy and some infl ammatory bowel diseases. In 
these conditions, antibodies to an abnormally large number of 
food antigens have been demonstrated. Presence of IgG anti-
bodies to a food is not synonymous with food allergy; in fact, 
adverse reactions are rare in spite of the presence of antibodies. 
Detection of these antibodies merely serves as an immunologi-
cal marker of an excessively permeable intestine, or a diseased 
liver.
 From the above account, it is quite clear that the most 
desirable immune responses to intestinally derived antigens are 
local immunity (IgA response or cell mediated immunity), and 
systemic tolerance. Systemic immunization (IgG response), 
though frequently harmless, is potentially dangerous. The 
function of the immune apparatus of the gut may be viewed, 
although somewhat negatively, as the prevention of systemic 
immunization. But for the local mechanisms discussed above, 
systemic immunization would have been the response to every 
single antigen present in the gut with results too disastrous to 
be compatible with survival.
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Physiological Role of Immune
Mechanisms of the Gut
The physiological role of the mechanisms discussed above 
may now be summarised.
i. These mechanisms prevent or limit the absorption of intes-

tinally derived antigens. These antigens include food anti-
gens as well as those belonging to microorganisms. IgA 
antibodies present in the lumen hinder the access of macro-
molecules to the mucosal epithelium. This phenomenon is 
termed immune exclusion.

 The importance of immune exclusion is shown by the fact 
that individuals with IgA defi ciency have a very high titre 
of antibodies to dietary constituents. Although most of these 
antibodies do not cause any adverse reaction, some do give 
rise to hypersensitivity reactions.

ii. Luminal IgA prevents bacterial adherence to the mucous 
membrane and subsequent colonization of the gut.

iii. IgA does not fi x complement by the classical pathway, but 
there is some debate on whether it does so by the alternate 
pathway. If it does, it could play some role in lysis of bac-
terial cell walls. In the presence of complement and lys-
ozyme, IgA has been shown to enhance bacteriolysis.

iv. IgA inactivates viruses and neutralises toxins.
v. The intraepithelial lymphocytes may also mount an anti-

gen-specifi c cell-mediated immune response which may be 
specially useful in viral infections and tumour surveillance.

vi. The intraepithelial lymphocytes have a resemblance both to 
lymphocytes and mast cells. The cells may act as specifi c 
passively sensitized sentinel cells at the mucosal surface. 
In hyperimmune pigs, placing the antigens in the intestinal 
lumen initiates a massive emigration of granulocytes within 
a few hours. The phenomenon leaves behind no evidence of 
permanent damage, and may be mediated by intraepithelial 
lymphocytes.
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6.11
Gastrointestinal
Function Tests

Several tests are available for assessment of gastrointestinal 
function. The selection of tests in a given patient depends on 
which aspect of function, viz. motility, secretion or absorption, 
is to be assessed, and which region of the gut is thought to be 
predominantly involved. Radiology and other imaging tech-
niques, endoscopy and biopsy often provide valuable informa-
tion in gastrointestinal disease. But the following description 
will be confi ned to those investigations which have a strong 
physiological basis.

GASTRIC FUNCTION TESTS
The commonly performed tests evaluate principally acid secre-
tion by the stomach. A sample of the gastric juice is obtained 
by aspiration via a nasogastric tube. The parameters generally 
measured on the juice are titrable acidity and acid output. The 
aspirated gastric juice may be diluted by food, saliva, pancre-
atic secretion or bile. Further, these contaminants are alkaline 
in nature, and hence tend to neutralize gastric acid. Titrable 
acidity is spuriously affected by both these factors—dilution 
and neutralization. Acid output, which is the product of titrable 
acidity and volume secreted, corrects for dilution, but not for 
neutralization. A formula which corrects for duodenal refl ux 
is available but it needs measurement of sodium concentra-
tion in the juice. The formula is based on the principle that 
sodium concentration of gastric juice varies with the secretory 
rate, while that of pancreatic, biliary and duodenal secretion is 
essentially constant. However, in spite of various sources of 
error, information of much value has been obtained by simple 
measurement of acid output. Acid output of the stomach may 
be measured under basal conditions, or under the infl uence of a 
factor which stimulates secretion.

Basal Acid Output
Secretory output in the absence of food or any other appar-
ent stimulus is spoken of as basal secretion. Basal acid output 
(BAO) shows enormous individual variation. The normal 
range is 0-17 mmol/h for men and 0-7.1 mmol/h for women. 
The principal application of measuring BAO is in diagnosis 
of patients with gastrin-producing tumours (Zollinger-Ellison 
syndrome). In these patients, BAO is abnormally high but peak 
acid output (see below) is not. If BAO is more than 60 per cent 

of the peak acid output, it is strongly suggestive of Zollinger-
Ellison syndrome. Normally, BAO is 0-42% of the peak acid 
output.

Stimulated Acid Output
Tests which measure stimulated acid output employ food or 
some less natural agents as stimulants of secretion.

FOOD STIMULATED SECRETION
Food is the normal stimulus for gastric secretion but its use in a 
test of secretory function suffers from many drawbacks:
i. The pH and buffering capacity of a meal varies with its con-

stituents. Therefore the composition of the meal affects the 
measurement of acid output.

ii. Food, and the salivary secretion which it stimulates con-
taminate gastric juice, making the analysis of the juice more 
cumbersome and less accurate.

iii. The volume of the food and saliva gets added to the volume 
of the gastric juice.

 Because of these fallacies, the use of test meals for test-
ing gastric secretory function has now become obsolete. But 
there have been sporadic advances which have led to renewed 
interest in test meals. One of these advances is the use of intra-
gastric titration. In this test, a small quantity of gastric juice is 
aspirated at frequent intervals for measurements of pH. After 
every measurement of pH, suffi cient alkali is infused into the 
stomach to maintain the pH at 7.0 or some other arbitrary 
point. The total quantity of alkali infused is used as an index of 
the amount of acid secreted. The major advantage of intragas-
tric titration is that it allows easy estimation of acid secretion 
while leaving the food and the secretion in the stomach. But 
the strongest criticism of the techniques is that maintaining the 
pH at a relatively high level removes the feedback inhibition of 
gastrin and acid secretion. Thus the method may give a spuri-
ously high estimate of acid secretion.
 Another recent attempt at measurement of food stimulated 
gastric secretion has employed a gastric and a duodenal tube 
and two nonabsorbable markers, one of which is incorpo-
rated in the meal and the other is infused into the duodenum. 
Samples are drawn from both the stomach and duodenum. 
Analysis of the samples allows measurement of not only acid 
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output but also rate of gastric emptying. The method is accu-
rate but complex and is not frequently used.

Maximally Stimulated Secretion
This is the most commonly used test of gastric secretion. It 
employs agents known to stimulate the stomach to secrete the 
maximum acid that it is capable of. The agents include hista-
mine, its synthetic analogue betazole (Histalog) and pentagas-
trin. Histamine not only evokes gastric secretion but also pro-
duces widespread vasodilatation resulting in headache, fl ushing 
of face and malaise. Fortunately gastric secretion and vasodila-
tation are produced by the action of histamine on two different 
types of receptors, i.e. H2 and H1 respectively. Therefore the 
unpleasant side effects of histamine can be prevented by simul-
taneous administration of an H1 receptor antagonist such as 
diphenhydramine (Benadryl). This antagonist does not affect 
the gastric secretion in response to histamine.1

 In a typical test, histamine acid phosphate (40 mg/kg) is 
injected subcutaneously preceded by diphenhydramine (50 mg) 
intramuscularly. Following the injection of histamine, gastric 
juice is collected by aspiration every 15 min for 1 h and ana-
lysed for volume and acidity. The results are expressed either 
as maximal acid output (MAO) or peak acid output (PAO).
 MAO is the total acid output during the 1 h following hista-
mine administration. The normal range for MAO is 4.7 to 58.4 
mmol/h.
 PAO is the sum of the two highest consecutive 15-min acid 
outputs. The sum is generally multiplied by two to express the 
output on an hourly basis. PAO is a more reproducible param-
eter than MAO. The normal range for PAO is slightly higher 
than for MAO. MAO or PAO of an individual is closely related 
to the parietal cell mass.
 Measurement of maximal acid secretion is used for:
i. confi rmation of achlorhydria.
ii. investigating patients of peptic ulcer. As a group, patients 

having duodenal ulcer secrete more acid than the normal 
population of patients having gastric ulcer. If a patient hav-
ing gastric ulcer shows a markedly reduced acid secretion 
bordering on achlorhydria, it suggests that the ulcer has 
undergone a malignant change.

Insulin Stimulated Secretion
Insulin produces hypoglycaemia which, in turn, stimulates the 
vagal centre in the central nervous system. Increase in vagal 
activity increases gastric secretion. In short, insulin induces 
vagally-mediated gastric secretion. Therefore, in patients of 
duodenal ulcer who have undergone vagotomy, insulin should 
not stimulate gastric secretion. This rationale is made use of to 
assess the completeness of vagotomy in such patients. In other 
words, if insulin stimulates gastric secretion in a patient who 
has undergone vagotomy, if may be deduced that some vagal 
fi bres to the stomach are still intact. If vagotomy is incomplete, 
there are greater chances of recurrence of the ulcer.

 In a typical insulin test (Hollander test) 0.1-0.2 units/kg 
of regular insulin are injected followed by sampling of gastric 
juice.
 The insulin test has been criticized because fi rst, hypogly-
caemia is risky, and secondly, insulin may induce some gastric 
secretion through non-vagal mechanisms also. As a substitute, 
it has been suggested that secretion in response to sham feed-
ing should be measured.

Sham Feeding-stimulated Secretion
Sham feeding implies that the food is chewn but not swal-
lowed. Instead, it is thrown out after it has been chewn. The 
secretion in response to sham feeding is spoken of as the 
cephalic phase of secretion, and is mediated by the vagus nerve 
(Chapter 6.4). Thus it can also be used for assessing the com-
pleteness of vagotomy.
 The sham feeding test lasts 3 hours. During the fi rst hour, 
basal secretion is measured. During the second hour the acid 
output in response to sham feeding (SAO) is measured. The 
third hour is used for measurement of PAO. In a typical patient 
of duodenal ulcer who has undergone complete vagotomy, and 
on whom control preoperative data are also available, SAO is 
about the same as BAO, PAO is less than it was preoperatively, 
and SAO/PAO is less than 0.1. If SAO/PAO is greater than 0.1, 
it indicates incomplete vagotomy.2

PANCREATIC FUNCTION TESTS
Tests for evaluation of exocrine pancreatic function measure 
the quantity and quality of pancreatic secretion in response 
to hormonal stimulation or a meal. The secretion is collected 
by duodenal intubation and analysed in terms of rate of fl ow, 
bicarbonate concentration and enzyme concentration. The 
results are also frequently expressed in terms of the total bicar-
bonate output. Since output = concentration × volume fl ow, a 
low output may be because of low concentration or low rate of 
fl ow. Therefore expressing bicarbonate concentration and rate 
of volume fl ow separately is more informative than the bicar-
bonate output.

Secretin Stimulation Test
In the standard secretin test, secretin is injected in the dose of 1 
clinical unit/kg intravenously. Then duodenal samples are col-
lected for 80 minutes.
 The results of analysis in normal subjects and patients 
having pancreatic disease are given in Table 6.11.1. The Table 
can be understood in pathophysiological terms. In infl amma-
tory disease, the fi rst parameter to suffer is bicarbonate concen-
tration; the rate of fl ow may even be increased. But eventually, 
all parameters are adversely affected. In carcinoma, the part of 
the pancreas which is still able to secrete produces a normal 
secretion, and hence the secretion is qualitatively normal. But 
obstruction by the tumour reduces the rate of fl ow. In sprue, 

1 The gastric secretory response can be blocked by an H2 receptor antagonist such as cimetidine.
2 It is important to understand the basis of these criteria. Since SAO depends on vagus, after vagotomy SAO is not signifi cantly different from BAO. 
Since PAO is affected by the background established by vagal tone, it is also reduced by vagotomy. But since SAO is almost abolished while PAO is 
only reduced by vagotomy, the SAO/PAO is extremely low if vagotomy is complete. If the simple basis of the criteria is understood, they will not look 
like a set of facts and fi gures to be ‘remembered.’

6.11.indd   3596.11.indd   359 8/23/2010   12:24:19 PM8/23/2010   12:24:19 PM



SE
C

T
IO

N
 6

: 
D

ig
es

ti
o
n

360

there is an isolated defi ciency of digestive enzymes, and hence 
the malabsorption.
 Several modifi cations of the standard secretin test have 
been introduced in which either higher doses of secretin are 
used, or cholecystokinin (CCK) is also used. If CCK is also 
used, bile may also be expected to enter the duodenum in sub-
stantial amounts. The presence or absence of bile in the aspi-
rate can enhance the diagnostic value of the test (Fig. 6.11.1).

Test Meal Stimulation
A test meal for stimulation of pancreatic secretion was 
described by Lundh and Borgstrom in 1962. The meal is com-
posed of milk protein, corn oil and dextrose. Duodenal contents 
are aspirated for 2-3 h after ingestion of the meal and analysed 
for trypsin concentration. The peak concentration in normal 
adults varies from 161 to 612 units/mL. Trypsin is absent in 
acute pancreatitis, reduced to less than 10% of normal in pan-
creatogenic malabsorption, and reduced moderately in chronic 
pancreatitis and carcinoma of the pancreas. Meal provides a 
weaker stimulus for pancreatic secretion than hormones, and 
the meal test is infl uenced by the gastric secretory capacity 
and gastric emptying while the hormonal test is not. In view of 
these drawbacks, and in the absence of any signifi cant advan-
tages, it is not surprising that test meals are not popular.
 Tests of pancreatic secretory function may be performed in 
patients with malabsorption to determine whether pancreatic 
enzyme defi ciency is the cause of malabsorption. If it is so, the 
tests are markedly abnormal because it takes an almost com-
plete absence of pancreatic enzymes to result in malabsorption. 
Pancreatic function tests may also be performed for diagnosis 
of pancreatitis and carcinoma of pancreas. But in these condi-
tions, the tests may not be always helpful because of the large 
physiological reserve of pancreas and the wide range of normal 
secretion. Therefore tests which reveal the anatomy of pan-
creas, e.g. sonography, endoscopic pancreatography and com-
puterized axial tomography (CAT scan) are more valuable in 
these situations. Thus the principal use of pancreatic function 
tests is in malabsorption syndrome. But even in malabsorption, 
their principal role is in determining the cause of malabsorp-
tion. However, an inference about the cause may also be drawn 

from a combination of other tests as described in the next sec-
tion (Table 6.11.2).

TESTS OF INTESTINAL ABSORPTION
The predominant function of the small intestine is absorption. 
Further, absorption is the ultimate function of the gut which 
results in supply of nutrients to the body. Hence small intestinal 
function is frequently tested by determining the effi ciency and 
adequacy of absorption. Many stages of digestion in the intes-
tine precede absorption. But the commonly performed tests 
assess only the end result of all these stages. If an abnormal-
ity is detected, the level of the disorder may be determined by 
more sophisticated tests. The tests may be classifi ed in terms of 
the nutrients, the absorption of which they evaluate. Since the 
predominant site of absorption of various nutrients is different 
(Fig. 6.11.2), this classifi cation also sorts out the tests in terms 
of the region of the small intestine which they evaluate. For 

Table 6.11.1: Pancreatic secretory pattern in 
response to secretin

 Chronic Pancreatitis

 Normal Early Late Carcinoma of Sprue
    pancreas

Rate of fl ow
(ml/kg/80 min) 2-4 N or     N
Maximum
bicarbonate
concentration 90-130   N N
(mmol/L)
Amylase
secretion
(units/kg/
80 min) 6-45 N  N or  

N, normal; ¯, decreased;  , increased.

 Level of Obstruction Contents of Aspirate

  Pancreatic Secretion Bile

 1 

 2 

 3 

, Present: , absent or markedly reduced

Fig. 6.11.1: In patients having obstructive jaundice, the level of 
obstruction determines the contents of the aspirate.
1. biliary as well as pancreatic duct obstructed, as in carcinoma of 

head of the pancreas. Both the pancreatic and biliary secretions 
are markedly reduced.

2. extrahepatic biliary obstruction, as in calculus of the common 
bile duct. Pancreatic secretion is present, but bile is absent in the 
aspirate.

3. intrahepatic obstruction, as in cirrhosis of the liver. Pancreatic 
secretion as well as bile are present in the aspirate.

Table 6.11.2: Differential diagnosis of common 
causes of malabsorption

 Coeliac Crohn’s Pancreatic
 disease disease insuffi ciency

Faecal fat excretion Increased Increased Increased
D-xylose absorption Impaired Normal Normal
Schilling’s test Normal Abnormal Normal
Intestinal Radiology Abnormal Abnormal Normal
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example, carbohydrate absorption tests give more information 
about the integrity of the proximal small intestine while vita-
min B12 and bile salt absorption tests evaluate the absorptive 
function of the distal ileum.
 The principle of the commonly performed tests of absorp-
tion is to give a fi xed quantity of a nutrient and measure its 
blood level, urinary excretion or faecal excretion (Fig. 6.11.3). 
If the blood or urinary level is above a certain level, or if the 
faecal loss is below a certain level, the absorption is consid-
ered normal. If the faecal loss is measured, apparent absorp-
tion may be estimated by subtracting it from the intake. Since 
absorption represents the balance between intake and faecal 
loss, this procedure is also called a balance test. As seen 
in Figure 6.11.3, blood levels and urinary excretion repre-
sent stages in the handling of a nutrient which are fairly far 
removed from the process of absorption. For example, the 
blood level would be affected by the way the liver and periph-
eral tissues handle the nutrient, and the urinary level would 
additionally depend on the way kidneys handle the nutrient. 
But in spite of these limitations, in the case of some substances, 

blood and urinary levels are fair indicators of the degree of 
absorption.

Carbohydrate Absorption Tests

1. D-xylose Absorption Test

D-xylose is a poorly metabolised pentose which is absorbed 
with the help of the same carrier as glucose and galactose, but 
much less effi ciently. The lower effi ciency is an advantage here 
in that it makes the test more sensitive. The poor metabolism in 
peripheral tissues ensures that xylose does not disappear from 
the circulation very rapidly, and that considerable quantities 
appear in the urine.
 The test is performed in the fasting state by giving 25 g 
D-xylose orally. About half of the dose is absorbed, and of the 
quantity absorbed half is excreted in urine and half is metabo-
lised. Thus one can expect about 6 g to appear in the urine. 
Good urine fl ow is ensured by administering 3-4 glasses of 
water during the 5 hours immediately following ingestion. 
Absorption is considered normal if more than 4 g of xylose 
appear in the urine over the 5-hour period.
 The unabsorbed xylose causes osmotic diarrhoea. To avoid 
the inconvenience of diarrhoea, a 5 g dose (instead of 25 g) 
has also been tried. As may be expected, the 5 g dose does not 
cause diarrhoea. But since it does not need much absorptive 
capacity on the part of the intestine, the discriminative value of 
the test is also reduced by the 5 g dose.

2. Lactose Tolerance Tests
Lactose is frequently digested rather poorly due to lactase defi -
ciency. Undigested lactose stays unabsorbed in the intestine 
and leads to osmotic diarrhoea; on reaching the large intestine, 
it is fermented by bacteria producing gases which may cause 
fl atulence. These facts form the basis of tests for assessing lac-
tose tolerance.
 The simplest test involves ingestion of 50 g lactose fol-
lowed by measurement of blood glucose. Absorption is consid-
ered normal if the rise in blood glucose is more than 3 mmol/L 
(54 mg/100 mL). Lack of diarrhoea, abdominal discomfort and 
fl atulence also point to adequate absorption.
 If the absorption is incomplete, fermentation in the colon 
generates hydrogen which is absorbed into the bloodstream 
and eliminated by the lungs. Hydrogen concentration in the 
endexpiratory air, 90 min after ingestion of lactose, is a fairly 
reliable indicator of lactose tolerance. Normally the hydrogen 
concentration is less than 15 ppm; a concentration greater than 
20 ppm indicates lactose intolerance.
 In addition to all these tests, if an opportunity for jejunal 
biopsy is available, lactase may be assayed directly in the 
biopsy tissue.

Tests for Absorption of Fats and Related Substances

1. Faecal Fat

For performing this test, the subject is given an 80-100 g fat 
diet, and the stool is collected for 3 days. The normal faecal fat 
excretion is 3-5 g per day. If the fi gure exceeds 6 g per day, it 
indicates malabsorption.

Fig. 6.11.2: Predominant site of absorption of various nutrients. 
Glucose, iron and water-soluble vitamins are absorbed in the proximal 
small intestine. Xylose, a poorly metabolised monosaccharide, is 
also absorbed like glucose. Fat uses most of the small intestine for 
absorption, and so do fat-soluble vitamins. Bile salts and vitamin B12 
are absorbed only in the terminal ileum.

Fig. 6.11.3: Principle of commonly performed tests of intestinal 
absorption. The intake (1) is known. The quantity absorbed (A) may 
be estimated from the faecal loss (2), or the blood level (3), or the 
urinary excretion (4) of the substance absorbed.
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3. 14C-triolein Test
After absorption a part of triolein is metabolised to carbon 
dioxide, which is eliminated by the lungs. If 14CO2 concentra-
tion in the expired air is more than a certain minimum amount, 
it may be inferred that absorption is normal.

4. Absorption of Fat-soluble Vitamins
Since the absorption of fats and fat-soluble vitamins is associ-
ated, the absorption of fat-soluble vitamins has been occasion-
ally used as an index of fat absorption.

5. 14C-glycine-Bile Acid Test
Bile acids are normally absorbed in the distal ileum and re-
excreted in the bile. This is spoken of as entero-hepatic cir-
culation. But if there is over-growth of bacteria in the small 
bowel, the bile acids would be deconjugated and degraded 
resulting in formation of carbon dioxide. Alternatively, if there 
is a disease affecting the distal ileum, or if the distal ileum 
has been resected, the bile acids pass into the colon where 
they are degraded to carbon dioxide. Based on this princi-
ple, 14C-glycine-bile acid is given. If more than a certain 
amount of 14CO2 appears in the expired air, it indicates poor 
absorption of bile acids, either due to small intestinal bacte-
rial overgrowth, or due to dysfunction of the distal ileum (Fig. 
6.11.4).

Protein Absorption Tests

1. Faecal Nitrogen

Unabsorbed protein is degraded by colonic bacteria. The 
resulting ammonia is absorbed and is detoxifi ed to urea in the 
liver. Some urea, however, enters the colon and is hydrolysed 

 It is inconvenient for the patient to collect faeces for 3 days 
and bring the containers to the laboratory. The laboratory per-
sonnel also fi nd it somewhat offensive to do the analysis. But 
still the test is very popular because it is technically simple and 
quite informative.
 Its diagnostic value stems from the following facts:
i. digestion and absorption of fat uses almost all gastrointesti-

nal mechanisms, viz. pancreatic secretion, biliary secretion 
and enterocyte function. If any of these is impaired, faecal 
fat may be increased.

ii. the reserve capacity for fat absorption is less than for car-
bohydrates or proteins. That makes the test more sensitive. 
Again, since the reserve is less, almost the entire length of 
the small intestine takes part in fat absorption. Therefore, if 
any region of the small intestine has impaired function, fat 
absorption may be adversely affected.

iii. unabsorbed fat appears almost entirely in the stool. In con-
trast, unabsorbed carbohydrate and protein are degraded by 
colonic bacteria, and therefore cannot be quantifi ed in the 
stool.

 Because of all these reasons, faecal fat is usually the fi rst 
test performed for screening a patient suspected of having mal-
absorption. If faecal fat is elevated, further tests are performed 
to fi nd the cause of malabsorption. That is why steatorrhoea 
(increased faecal fat) is commonly, but somewhat erroneously, 
used interchangeably with malabsorption (poor absorption, 
regardless of the nutrient).

2. 131I-triolein Test
A measured quantity of radioactive triolein (a triglyceride) is 
given. The fraction excreted is assessed by estimating radioac-
tivity in the stool.
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to ammonia. All this creates a complex situation, and therefore 
faecal nitrogen is only a poor indicator of protein absorption.

2. Serum Proteins
Serum protein concentration is a fair indicator of protein 
absorption. Hypoproteinaemia indicates poor protein absorp-
tion provided it is certain that protein intake is normal, the liver 
is manufacturing adequate albumin, there are no urinary pro-
tein losses, and there is no protein losing enteropathy.

3. Tests for Protein Losing Enteropathy
The protein economy of the body may be adversely affected 
by the gut even in the presence of normal absorption if the gut 
serves as a conduit for excessive loss of protein. This happens 
in protein losing enteropathy (PLE), and the consequences are 
the same as if the absorption is poor. If PLE is suspected, albu-
min may be tagged with 51Cr and then radio-active chromium 
may be followed in the blood and stool. In PLE, loss from the 
blood would be abnormally fast, and abnormally large quanti-
ties would appear in the stool.

Tests for Absorption of Water Soluble Vitamins
The relatively common test in this category is that for absorp-
tion of vitamin B12, known as Schilling’s test.

Schilling’s Test
This is a test for assessment of vitamin B12 absorption. 
Following administration of labelled vitamin B12, the degree 
of radioactivity appearing in the urine is used as an index of 
absorption. In practice, 1 mg (1000 mg) of unlabelled vitamin 
B12 is fi rst given intramuscularly to saturate the body stores. By 
doing so, it is ensured that any further supply of vitamin B12 to 
the body will be excreted in the urine rather than retained. Then 
1 mg of 57Co-cyanocobalamin is given orally. An adequate 
urine fl ow is maintained by giving enough water to the subject. 
Absorption of vitamin B12 is considered normal if more than 7 
per cent of the radioactivity is excreted over a period of 24 h 
following ingestion.
 Absorption of vitamin B12 may be impaired because of 
intrinsic factor defi ciency (pernicious anaemia), small intes-
tinal disease or bacterial overgrowth, or chronic pancreatitis. 
In chronic pancreatitis, absorption may be impaired because 
trypsin seems to be required for releasing vitamin B12 from 
R-protein or other proteins so as to make it available for 
binding with the intrinsic factor. To distinguish between 
these different causes, double-label Schilling’s test has been 

recommended. In this test, equal quantities of two species of 
vitamin B12, 

57Co-cyanocobalamin and 58Co-cyanocobalamin 
are administered in different associations. For example, the 
57Co form may be given after incubation with intrinsic factor, 
and the 58Co form may be given with the R-protein. Normally 
both forms should be equally well absorbed, so that in the urine 
58Co/57Co should be about 1.0. If malabsorption is due to intes-
tinal disease, the absorption of both forms is equally affected, 
so that although radiocativity in the urine is reduced, the ratio 
is 0.5-1.0. But if the malabsorption is due to pancreatic insuffi -
ciency, 58Co/57Co in the urine is only 0.02 - 0.15 (Fig. 6.11.5).

CONCLUSION
Innumerable tests have been described for assessment of gas-
trointestinal function, but the above account deals with the 
tests having a sound physiological basis which are relatively 
commonly performed. Biopsy and radiological procedures are 
very commonly performed because of their enormous diag-
nostic value but have not been described above because their 
basis is anatomical rather than physiological. In practice, only 
a few screening procedures are quite suffi cient to differentiate 
between the common causes of malabsorption (Table 6.11.2). 
Three conditions have been chosen for illustration in the Table: 
coeliac disease as an example of generalised malabsorption, 
Crohn’s disease as an example of localized disease of the distal 
ileum and colon, and chronic pancreatitis as an example of 
exocrine pancreatic insuffi ciency.

Fig. 6.11.5: Principle of double-label Schilling’s test. Pancreatic 
disease (1) would affect the absorption of only 58Co-B12 while 
intestinal disease (2) would affect the absorption of both 57Co-B12 
and 58Co-B12.
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6.12
Functions of the
Liver and their 

Laboratory Assessment

Liver is the chemistry laboratory of the body. With very few 
exceptions, a chemical reaction that can take place anywhere 
in the body, takes place also in the liver. In addition, there are 
some chemical reactions which take place only in the liver. 
Liver has been known as the seat of life since ancient times; 
current knowledge about the functions of liver does not unseat 
the liver from this prestigious position. As Isaac Asimov has 
pointed out, the similarity between ‘liver’ and ‘to live’ may not 
be entirely accidental.

FUNCTIONAL ANATOMY
The structural unit of the liver is the liver lobule. A lobule con-
tains plates of hepatic cells. Some of the secretory products of 
these cells are drained via minute intercellular canaliculi into 
larger biliary channels; others are discharged directly into the 
blood stream. Thus the liver is both exocrine and endocrine 
in character. Each lobule has a dual blood supply from portal 
vein and hepatic artery. Blood from both the sources fl ows into 
sinusoids bathing the hepatic cells.1 Sinusoids have such large 
pores in their walls that plasma proteins can pass through them 
quite freely. As a result, the lymph draining the liver resembles 
plasma in its composition. The cells lining the sinusoids are 
of two main types: endothelial cells, and phagocytic (Kupffer) 
cells. The sinusoids drain into the tributaries of the hepatic 
vein, which in turn joins the inferior vena cava.
 The haemodynamics of hepatic blood fl ow is unique and 
interesting. The portal blood fl ow through the liver is about 
1000 mL/min, and forms about two-thirds of the total hepatic 
blood fl ow. The driving force for this enormous blood fl ow is 
a mere 9 mm Hg pressure gradient between the portal vein and 
the hepatic vein. A high blood fl ow in spite of a small pres-
sure gradient points to extremely low vascular resistance. If the 
normal vascular resistance is low, it follows that even a small 
absolute increase would mean a large percentage increase in 

the resistance. A secondary effect of such a rise would be to 
increase portal vein pressure. This process takes place most 
commonly in cirrhosis of the liver. On the other hand, if the 
disorder is primarily an increase in venous (including hepatic 
vein) pressure, as in congestive cardiac failure, the low hepatic 
vascular resistance makes it very easy for large volumes of 
blood to collect within the liver. A rise of 4-8 mm Hg in hepatic 
venous pressure can pool 200-400 mL blood in the liver. 
Pooling implies stretching of sinusoids, and stasis. Both these 
factors could lead to hepatocellular damage. Also, the pooling 
raises the sinusoidal pressure, resulting in excessive transuda-
tion of protein-rich fl uid, thereby leading to ascites. For some 
more consideration of hepatic circulation, see Chapter 3.15.

FUNCTIONS
An exhaustive list of all the known functions of liver would 
not only be formidable and awe-inspiring, but also irrelevant. 
Many of the functions of liver are best discussed with the 
physiology of various organ systems of which the specifi c liver 
function forms a part. It would be pointless to tear them out of 
context just to complete the list of liver functions. The discus-
sion that follows would, therefore be centred around only a few 
selected functions.

Secretion of Bile
Secretion of bile involves two types of activities: picking up 
of appropriate metabolites from the blood, and passing them 
on to biliary canaliculi as such, or after some transformation. 
Hepatocytes, accordingly, have asymmetric surfaces. The 
basolateral or sinusoidal surface is geared to uptake, while the 
apical or canalicular surface is geared to secretion. Bile fl ows 
from the canaliculi into the biliary duct system, and under-
goes some changes in composition as it does so. During its 
stay in the gallbladder, bile gets considerably concentrated. 

1 There are reasons to believe that all liver cells, looking so alike, are not engaged in exactly the same activity at a given time, although they may be 
capable of performing every function of the liver. The cells of a lobule nearest the source of blood supply, and those nearest the terminal hepatic venule 
are separated by about 20 cells. It seems that when the body is threatened by hypoglycaemia, the cells nearest the source of blood supply respond by 
gluconeogenesis, while those nearest the central veins by glycogenolysis. It is quite likely that the concentration of nutrients, including oxygen, falls 
as the sinusoidal blood approaches the central vein. Perhaps that is the reason why hypoxic damage tends to be centrilobular. Stratifi cation of hepatic 
cells according to their distance from the source of blood supply may be responsible for many other observations of potential clinical signifi cance. For 
instance, the induction of the P-450 enzyme system by certain drugs like phenobarbital is nearest the cells close to central veins.
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It is periodically discharged into the duodenum, as and when 
required, under impact of neural and humoral stimuli. Bile is 
a complex and delicately balanced mixture. A relatively small 
change in its composition can result in precipitation of choles-
terol. Two of the components of bile, which are extensively 
processed in the liver, are bilirubin and bile salts. The process-
ing of bilirubin in the liver has been discussed in Chapter 2.4. 
Hence here we will discuss the role of liver only in bile salt 
metabolism.
 Bile salt metabolism, and the involvement of liver in it, 
may be considered under the following headings:

1. Bile Salt Synthesis
The liver synthesizes bile salts from cholesterol. The healthy 
adult liver converts 300 to 500 mg of cholesterol into bile acids 
everyday, the ratio of cholic to chenodeoxycholic acid being 
about two to one. The bile acids are conjugated with glycine 
and taurine in a ratio of about three to one prior to secretion. 
Conjugation increases the water solubility of bile acids. The 
regulation of bile acid synthesis is primarily by feedback inhi-
bition from reabsorbed bile acids reaching the liver in the 
portal vein.

2. Bile Salt Secretion
Secretion of bile salts into canaliculi takes place against con-
siderable concentration gradient. But it does not appear essen-
tial to invoke an energy dependent transport mechanism in 
view of the prevalent electrochemical gradient. The osmotic 
effects of bile salts result in transport of signifi cant amounts of 
water also into the canaliculus. It is perhaps through the same 
osmotic mechanism that bile salts increase bile secretion (chol-
eretic action).

3. Bacterial Metabolism
Upon reaching the intestines, bile salts are exposed to the 
action of microbial fl ora of the gut. Bacteria bring about two 
types of chemical changes in bile salts, deconjugation and 7 
alpha-dehydroxylation. Deconjugation takes place in the ileum, 
and does not interfere with bile salt conservation by intestinal 
absorption. Dehydroxylation is confi ned to the colon, and is a 
prelude to excretion. As a result of dehydroxylation, cholate 
forms deoxycholate. Chenodeoxycholate, on dehydroxylation, 
forms lithocholate, only one-fi fth of which is absorbed. The 
bile salts formed as a result of bacterial action are known as 
secondary bile salts (Fig. 6.6.1).

4. Intestinal Absorption
Bile salts in the bile are very effi ciently conserved. Ninety-six 
per cent of the salts are absorbed, largely in the terminal ileum 
but also in the colon. The terminal ileum has a carrier-medi-
ated system for active transport of the bile salts. As mentioned 
above, a fraction of the secondary bile salts is also absorbed by 
the colon.

5. Hepatic Uptake and Secretion
Bile salts returning to the liver in the portal vein are taken up 
from the sinusoids by hepatocytes by an active, sodium depend-
ent, carrier-mediated transport mechanism. The transport is 

inhibited by ouabain, suggesting the involvement of Na+ - K+ 
ATPase. The transport system is common to all species of bile 
salts. Its maximal transport capacity far exceeds the physiolog-
ical load, thus providing a considerable reserve. Once within 
the hepatocyte, bile salts are rapidly tagged to binding proteins. 
The secondary bile salts brought to the liver are not altered 
back to the primary form. Uptake is rapidly followed by secre-
tion of bile into canaliculi, the mechanism of which has been 
discussed earlier. The movement of bile within the canalicu-
lar system is guided primarily by hydrostatic pressure; it may 
also be facilitated by the milking action of actin-like contractile 
proteins now known to be associated with canaliculi. As bile 
travels in the biliary duct system, its composition is altered by 
reabsorption and secretion. The rate of fl ow, some aspects of 
composition, and timing of discharge into the duodenum are 
subject to neurohumoral control, the most important factors 
being secretin and cholecystokinin.
 Absorption of bile salts in the intestine, their passage 
through the liver and secretion back into the intestines is 
spoken of as enterohepatic circulation. Enterohepatic circula-
tion is a key factor in bile salt metabolism. Since 96% of the 
bile salts are absorbed, and exert a negative feedback effect 
on hepatic bile salt synthesis, very little fresh bile salt synthe-
sis goes on normally. However, if enterohepatic circulation is 
interrupted, there may be as much as ten-fold increase in bile 
salt synthesis.

Metabolic Functions
Liver can perform almost all metabolic manipulations that any 
other organ in the body can, and in addition some more. This 
makes the liver uniquely suited for acting as a regulator of 
intermediary metabolism.

Carbohydrates
Liver cells are furnished with enzymes for glucose utilization 
as well as production. The liver can utilise glucose not only 
for releasing energy, but also for storing energy in the form of 
glycogen. The liver can utilise not just preformed glucose, but 
also glycogen. The liver shares these features with only the 
skeletal muscle. While utilizing glycogen, only the liver, but 
not the muscle, can release glucose into the blood stream, thus 
helping the sagging glucose levels. The liver produces glucose 
from a variety of sources, i.e. pyruvate or lactate, alanine and 
many other amino acids, fructose, galactose, glycerol and dihy-
droxyacetone. Although gluconeogenetic pathways function 
also in kidneys, quantitatively the contribution of the liver far 
exceeds that of the kidneys. These unique features make the 
liver the chief regulator of blood glucose concentratiaon. When 
the concentration is above a threshold level, the liver acts as a 
net glucose consumer; when below a threshold level, the liver 
acts as a net glucose producer. The liver is not entirely depend-
ent upon substrate concentration for guiding the direction of its 
metabolic activity. It is also sensitive to the action of hormones 
involved in the regulation of metabolic profi le, such as insulin, 
glucagon, catecholamines, glucocorticoids, growth hormone 
and thyroxine. Regulation by substrate concentration and mul-
tiple hormones provides much fi ner regulation than could be 
achieved by a simpler mechanism.
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 The dynamic aspects of carbohydrate metabolism in the 
liver are much more important than the glycogen storage func-
tion. Liver seldom stores more than 100 g glycogen, which 
would hardly last 6 h if used as sole source of fuel.

Lipids
Lipids are a form of energy reserve of the body. The magni-
tude of this reserve needs to be regulated in keeping with the 
state of energy supply of the body. Liver plays a major role in 
this regulation by virtue of being a centre of lipolytic as well 
as lipogenetic activities. In the well-fed state, lipogenesis is 
predominant. During starvation and diabetes, lipolytic activi-
ties are predominant. An index of lipolysis is the ketone body 
production by the liver. Some degree of ketogenesis goes on 
even in the normal, well-fed individual. Here ketogenesis is 
a mechanism to provide a readily utilizable substrate to many 
parts of the body, e.g. skeletal and cardiac muscle. During 
starvation and diabetes, ketogenesis is stepped up, and ketone 
bodies serve as a reserve fuel for tissues including the brain. It 
is noteworthy that although liver manufactures ketone bodies 
as a by product of beta-oxidation of fatty acids for the benefi t 
of other parts of the body, the liver itself does not use ketone 
bodies as fuel. Liver is also an important organ for the manu-
facture of phospholipids and cholesterol for cell membranes. In 
addition, cholesterol is used in the synthesis of bile salts, and is 
also excreted as such in bile.

Proteins
Besides being the principal organ of amino acid transforma-
tions by virtue of the deamination and transamination reactions 
which it can carry out, liver is virtually the only organ which 
can handle ammonia safely. Ammonia, a toxic compound, is a 
product of amino acid breakdown, and the liver converts it into 
urea, a relatively safe compound.
 Liver manufactures about 10 g albumin everyday, and is 
the only organ for albumin synthesis in the body. It also manu-
factures most of the globulin fraction of plasma proteins.

Immunological Functions
It is a common observation that globulin levels are raised in 
liver disease. Most of the rise is attributable to the gammaglob-
ulin fraction. The most plausible explanation is that the normal 
liver receives a heavy dose of potentially antigenic material in 
the form of intestinal microorganisms, but the phagocytes of 
the liver not only engulf the organisms but also degrade the 
antigens rapidly and completely without production of antibod-
ies. A diseased liver cannot possibly perform this function so 
well, leading to excessive immunoglobulin production. There 
are other possible mechanisms for hyperglobulinaemia in liver 
disease, such as release of antigens sequestered in liver, adju-
vant effect of liver tissue, loss of normal immunosuppressive 
effect of liver, reduced hepatic blood fl ow, or collateral circula-
tion leading to portocaval shunting.

Other Functions
Some of the functions of liver which have not been discussed 
before have been enumerated below:

1. The liver is strategically situated between the gastroin-
testinal tract and the systemic circulation. All the blood 
that drains the gut passes through the liver before mixing 
with the general circulation. This imposes on the liver the 
responsibility of screening the blood, detecting potentially 
harmful substances, and eliminating them or transforming 
them into tolerable substances. The liver has such versa-
tile detoxifying systems (such as P-450) that it inactivates 
not only aldosterone, oestrogen, antidiuretic hormone, and 
many other endogenous substances but also drugs, dyes, 
food additives, insecticides and many other exogenous sub-
stances, exposure to which could not possibly have been 
foreseen in the course of evolution.

2. The liver stores vitamins A, D and B12, and iron in signifi -
cant amounts.

3. Liver is a major site of extramedullary hemopoiesis for 
the fi rst few weeks of life, and in emergencies throughout 
life.

4. Liver has multiple functions in coagulation of blood. It 
manufactures fibrinogen, prothrombin and Factors V, 
VII, IX and X. The synthesis of prothrombin and Factors 
VII, IX and X requires vitamin K as a co-factor, the 
absorption of which needs bile, which in turn is secreted by 
the liver.

LABORATORY ASSESSMENT OF LIVER FUNCTION
The functions of liver are many and diverse. For almost every 
function, a number of tests have been devised. From the stag-
gering number of tests thus available, it may be diffi cult to 
make an objective selection of tests to be performed on a par-
ticular patient. A battery of tests is certainly indicated in every 
case, since every function of liver may not be affected in a 
given patient. But what usually happens is that a stereotyped 
collection of conveniently performed tests is done whenever 
liver function tests are indicated.
 Laboratory tests of liver function are aimed at arriving at 
one or more of the following sets of information:
1. Is there any damage to the liver?
 Since only about one-fi fth of the liver is capable of looking 

after the functions of the liver, negative tests do not rule out 
all possibilities of damage. But if some tests are positive, 
signifi cant damage is likely.

2. What is the extent of the damage?
 The more the results of laboratory tests deviate from 

the normal range, greater is the extent of damage to the 
liver.

3. What is the nature of the damage?
 The specifi c tests which show derangement give a clue to 

the nature of the lesion in the liver, which in turn, suggests 
the diagnosis.

4. What is the prognosis?
 The extent and nature of the damage are often a good guide 

to prognosis.
5. Is the treatment working?
 Serial assessment of liver function provides an objective 

evaluation of therapy.
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 The discussion below will be restricted to the most useful 
among the commonly performed biochemical tests of liver 
function.

Tests of Detoxifi cation and Excretory Function

1. Serum Bilirubin

Serum bilirubin represents a balance between production and 
hepatic removal of the pigment. Serum bilirubin level nor-
mally ranges from 5-17 micromol/L (0.3 to 1.0 mg/100 mL), 
although levels upto 1.5 mg/100 mL are considered normal. 
Serum bilirubin is estimated by the van den Bergh reaction 
(Chapter 2.4).
 Total serum bilirubin is raised only if the liver is consider-
ably damaged. Although bilirubin level is usually proportional 
to the intensity of jaundice, it is not always so.

2. Urine Bilirubin
Normal urine is free of bilirubin. Therefore, the very pres-
ence of bilirubin suggests a pathological process. Only 
conjugated bilirubin appears in the urine. Hence its pres-
ence suggests an obstructive element. Even more strongly, 
its absence in the face of jaundice indicates unconjugated 
hyperbilirubinaemia.

3. Urinary Urobilinogen
Only a small fraction of urobilinogen is absorbed into the 
portal circulation, and only a small fraction of the absorbed 
urobilinogen is excreted in the urine.2 Therefore, the normal 
urinary urobilinogen excretion is only 0.2 to 3.3 mg per day.
 Urinary urobilinogen can increase or decrease in a wide 
variety of conditions, not all of which originate in the liver. 
This lack of specifi city is partly made up by sensitivity. An 
increase in urinary urobilinogen is a fairly sensitive indicator 
of hepatocellular dysfunction. An even more important appli-
cation of the test is that total absence of urinary urobilinogen 
indicates total biliary tract obstruction.

4. Bromsulphalein Excretion
Bromsulphalein (BSP) is a dye which is handled by the liver 
in a manner very similar to bilirubin. The standard test con-
sists of slow intravenous injection of the dye followed by sam-
pling of blood from the other arm 5, 25 and 45 min after the 
commencement of the injection. Estimation of the dye in the 
blood samples gives the pattern of its removal from the blood. 
Considering the concentration of the dye in the 5 min samples 
as 100% retention, normally up to 8% is retained at 45 min. 
About one-tenth of apparently normal subjects may, however, 
retain upto 14% of the dye at 45 min. Delayed removal of BSP 
from the blood could be due to reduced hepatic blood fl ow, 
or impaired uptake, conjugation or excretion by the hepato-
cytes. In view of its cost and potentially serious side effects 
(including death), the BSP excretion test is only rarely per-
formed now.

5. Indocyanine Green Excretion
The principle underlying this test is the same as in case of BSP 
excretion. Indocyanine green is, however, not conjugated, and 
there is no extrahepatic removal or enterohepatic circulation. 
Although it is safer, it is also more expensive than BSP. The 
test may be used for measurement of hepatic blood fl ow.

6. Rose Bengal Excretion
In this test, 131I-rose bengal is administered intravenously, and 
its hepatic uptake is assessed by scanning for radioactivity. Its 
fecal excretion may also be estimated from fecal radioactivity.

Tests of Protein Metabolism

1. Serum Protein

Liver is the sole source of albumin, alpha-globulins and beta-
globulins. Since gamma-globulins can be manufactured wher-
ever there are B lymphocytes, there are many extrahepatic 
sources of gamma globulins. Therefore a fall in plasma albu-
min may be due to reduced hepatic synthesis, which in turn 
may be due to a liver disease. Measurement and fractionation 
of plasma proteins is usually done by one of the ‘salting-out’ 
methods or some electrophoretic technique. Because of multi-
plicity of techniques, results from different laboratories are not 
strictly comparable.
 In general, albumin level falls and globulin levels rise in 
hepatobiliary diseases of substantial duration and severity. A 
serum albumin level below 3 g/100 mL and globulins above 4 
g/100 mL generally indicate liver disease. Since albumin and 
globulin levels change independently, absolute values are more 
informative than the albumin/globulin ratio.
 The value of serum protein measurements is limited by the 
fact that changes are neither seen in early stages of the disease, 
nor are they specifi c for a particular liver disease.

2. Flocculation Tests
These are somewhat obsolete, semi-empirical tests based on 
the observation that addition of certain reagents to sera from 
patients with low serum albumin and high globulin levels 
results in fl occulation, precipitation or turbidity. Among the 
tests that have been more popular, cephalin-cholesterol fl oc-
culation test and thymol turbidity test refl ect both a fall in albu-
min and a rise in globulin, but zinc sulphate and ammonium 
sulphate turbidity tests are relatively independent of albumin; 
they refl ect mainly hyperglobulinaemia. These tests are, obvi-
ously, as non-specifi c as the serum protein changes on which 
they depend.

3. Coagulation Tests
Since liver is the site of synthesis of many coagulation pro-
teins, tests such as the prothrombin time also refl ect the pro-
tein synthesis going on in the liver. These tests are better than 
serum albumin measurements in that they are affected by fewer 
extrahepatic factors.

2 Most of it is re-excreted by the liver into the intestine.
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Tests of Bile Acid Metabolism

1. Serum Bile Acids

An increase in serum bile acids is one of the most sensitive 
tests for detecting minimal hepatocellular damage. Even more 
sensitive may be the bile acid concentration two hours after a 
meal.
 Since cholic acid, a primary bile acid, is the only major tri-
hydroxy acid, the ratio of trihydroxy to dihydroxy bile acids 
increases in cholestasis while it decreases in hepatocellular 
failure.
 The most accurate method for estimating serum bile acids 
is gas liquid chromatography. But the cost and complexity of 
this method makes it unsuitable for routine use. An enzymatic 
assay based on the use of bacterial 3-hydroxysteroid dehydro-
genase is simpler and less expensive. Bile salts may also be 
measured by radioimmunoassay, for which kits are available.

2. Serum Cholesterol
Changes in bile acid metabolism may be responsible for some 
of the changes seen in blood lipids in patients with biliary 
obstruction. Hypercholesterolaemia is seen in a majority of 
patients having extrahepatic biliary obstruction. It may not be 
simply due to the failure of the liver to excrete cholesterol. It 
might also be partly due to regurgitation of biliary cholesterol 
and increased hepatic synthesis of cholesterol.

Tests of Bile Duct Patency
Obstruction of the biliary tract may be extrahepatic due to a 
stone or a tumor. It could also be intrahepatic. Some intrahe-
patic cholestasis is a common feature of most liver diseases. 
Therefore tests of obstruction are as important as those for 
impairment of various metabolic functions of liver.

1. Alkaline Phosphatase
Serum alkaline phosphatase in normal adults is principally 
derived from three sources: the hepatobiliary system, bones 
and intestines. The enzymes from different sources may be dis-
tinguished by electrophoresis or on the basis of their differen-
tial susceptibility to heat. However, there are discrepancies in 
fractionation, and it is not routinely done.
 Hepatobiliary alkaline phosphatase is found in the liver as 
well as bile. In the liver, alkaline phosphatase is bound to the 
microvilli of bile canaliculi.
 The various mechanisms which might contribute to the ele-
vation of the enzyme in obstructive liver disease are:
a. There is an increase in de novo synthesis of alkaline phos-

phatase at the canalicular membrane. The enzyme is solubi-
lized, probably by the retained bile acids. Then it is regurgi-
tated into the blood stream.

b. The ‘biliary isozyme’ of alkaline phosphatase is regurgi-
tated into the circulation. The biliary fraction might include 
bone alkaline phosphatase which has been excreted by the 
liver.

 Measurement of alkaline phosphatase is usually done in 
International or King-Armstrong Units. The normal adult range 
is 35-130 IU/L or 3-13 KA Units.

2. Other Enzymes
Since alkaline phosphatase is also raised in many bone diseases, 
a search has been made for other more specifi c enzymes. The 
enzymes which have rewarded this search include 5-nucleoti-
dase, leucine aminopeptidase and gamma-glutamyl transpepti-
dase. These enzymes are not confi ned to the liver; in fact, their 
distribution is widespread. But elevation of these enzymes is 
essentially restricted to liver diseases. The elevation is much 
higher in obstructive than in other liver diseases. Some of these 
enzymes may be measured along with alkaline phosphatase to 
obtain confi rmatory evidence of hepatobiliary obstruction.

3. Bile Pigments
As mentioned earlier, changes in bile pigment excretion, e.g. 
absence of urinary urobilinogen and fecal bile pigments pro-
vide additional evidence of biliary obstruction. In addition, 
there is hyperbilirubinaemia, which includes a signifi cant con-
jugated fraction.

4. Lipids
Hypercholesterolaemia in hepatobiliary obstruction has already 
been mentioned.

Tests of Hepatocellular Damage
Elevation of a different set of enzymes in the serum is indica-
tive of hepatocellular damage.

1. Transaminases
Serum aspartate transaminase or glutamic oxaloacetic 
transaminase (AST/SGOT) and serum alanine transaminase or 
glutamic pyruvic transminase (ALT/SGPT) are found in vari-
ous tissues. Theoretically, sudden and massive necrosis of any 
of these tissues should lead to an elevation of these enzymes. 
But in practice, hepato-cellular necrosis and myocardial inf-
arction are the important conditions when these enzymes are 
markedly raised. AST levels may be raised as much in liver 
disease as in myocardial infarction. Elevation of ALT is rela-
tively more specifi c for liver disease. But in practice, there is 
generally no need for enzyme tests to distinguish liver from 
heart necrosis. Therefore, either enzyme is equally informative. 
Although the normal values of these enzymes vary consider-
ably in different laboratories, AST is usually 5-40 IU/L and 
ALT 5-35 IU/L.

2. Lactic Dehydrogenase
Lactic dehydrogenase (LDH) is widespread in the body, and its 
elevatiaon, therefore, is rather non-specifi c. It is increased in 
hepatocellular injury as well as neoplasms. Its diagnostic value 
is very limited, even when various isoenzymes are fractionated.

CONCLUSION
The bewildering variety of liver function tests and the informa-
tion they provide has prompted many computer programmes 
for analysis of results of liver function tests. Probably the most 
important step is the selection of just the right type and number 
of function tests in relation to the clinical situation. If liver 

6.12.indd   3686.12.indd   368 8/23/2010   12:24:12 PM8/23/2010   12:24:12 PM



C
H

A
PT

ER
 6

.1
2

: Fu
n
ctio

n
s o

f th
e Liver an

d
 th

eir Lab
o
rato

ry A
ssessm

en
t

369

disease is obvious, it is no use applying highly sensitive tests; 
the emphasis should be on the tests which would classify the 
abnormality on a functional basis. On the other hand, if liver 
disease is not so obvious, the fi rst task would be to apply sensi-
tive screening tests to rule out or establish hepatic involvement.
 It is interesting to refl ect how the liver is able to accomplish 
so much although its genome is the same as that of any other 
part of the body. What it implies is that a much larger fraction 

of the genome is expressed in the liver than in any other organ; 
in the cells of other organs, a much larger fraction is repressed. 
In keeping with its importance, the liver has a remarkable 
reserve and regenerative capacity. Removal of four-fi fths of 
the liver is quite compatible with life. Further, removal of liver 
tissue is followed by rapid regeneration. That is why the liver 
has been called the ‘immortal organ’. No wonder, when the 
liver is diseased, usually man himself is to blame for abusing it.
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7.1
Getting Introduced to 

Nutrition

Nutrition is an interdisciplinary subject. It covers every interac-
tion between man and his food. There is a vast overlap between 
nutrition and agriculture; sociology, econo mics and even poli-
tics of nutrition constitute legiti mate areas of study. But in 
medicine nutrition generally implies the interaction of food 
with the human body in health and disease. The physiology of 
nutrition is further restricted to the interactions between food 
and the healthy human body, which include digestion, absorp-
tion and intermediary metabolism of nutrients. Nutri tional 
physiology provides the scientifi c basis of diets appropriate for 
various physiological states; how excess, defi ciency or indis-
cretion might lead to disease; and how dietary modifi cation 
might help in the preven tion and treatment of certain diseases. 
Although eating precedes digestion, in physiology texts diges-
tion gene rally pre cedes nutrition: we have already discussed 
diges  tion and absorption of food in Section 6. A detailed treat-
ment of intermediary metabolism of nutritients is avai lable in 
biochemistry texts, and therefore will be omitted here.
 Although food assumes a wide variety of forms, the consti-
tuents essential for the body fall, chemically, in six major 
groups known as nutrients. These are carbo hydra tes, proteins, 
fats, vitamins, minerals and water. The functions of food are 
two-fold. It provides energy, and it serves to form new living 
matter (Fig. 7.1.1). Formation of new living matter is necessary 
throughout life for replace  ment of wear and tear, and during 
the early phases of life for growth. Both these functions of food 
basically involve transformations of energy level, the ultimate 
source of energy being solar energy (Fig. 7.1.2). That is why, 
although all food is not used for obtaining energy, food is gen-
erally quantifi ed in terms of its energy value.
 In nutrition and metabolism, energy has conven tionally 
been measured in kilocalories (kcal), often simply called the 
Calorie (spelt with a capital C). One kilo calorie is the amount 
of heat required to raise the tempe rature of 1 kg of water from 
14.5°C to 15.5°C. Recently joule has been adopted as the uni-
versal unit of energy, including food or metabolic energy. One 
joule is the energy required to move a mass of 1 kg through 1 
metre by a force of 1 newton acting on it. One newton is the 
force which imparts an acceleration of 1 m per sec per sec to 
a mass of 1 kg. For metabolism, 1000 joules, or one kilojoule 
(kJ), is a more suitable unit. Inter conver sion of units may be 
performed using the relation ship 1 kcal = 4.184 kJ, or 1 kJ = 
0.239 kcal.

Fig. 7.1.1: The functions of food. Energy derived from food has 
three main components which have been considered in some detail 
in Chapter 7.2.

 Of the six nutrients mentioned earlier, only three, i.e. carbo-
hydrates, proteins and fats can give energy. Although vitamins, 
minerals and water do not give energy, they are essential for 
utilising the energy-giving nutrients. The energy content of 
foods or nutrients may be determined in the laboratory by 
bomb calorimetry. A known weight of the substance is burnt in 
the presence of oxygen. The heat released is utilised for warm-
ing a known quantity of water, and the rise in the temperature 
of water noted. With this data, the energy released per unit 
weight of the nutrient can be calculated. By bomb calorimetry, 
the energy content of carbohydrates is about 4 kcal/g, that of 
proteins 5.6 kcal/g, and that of fats 9 kcal/g. But physiologi-
cally, the energy content of protein is only about 4 kcal/g. The 
discrepancy is because in the body protein is oxidised to urea 
while in the bomb calorimeter, it is burnt to the level of carbon 
dioxide and water. Urea can yield some more energy if oxi-
dised further. The energy content of the three nutrients which 
can serve as fuels in the body forms the basis of quantifying 
food.
 With this general introduction, it would be interesting to 
get a few glimpses from the history of nutrition to understand 
how we have reached our present state of knowledge.

HISTORY OF NUTRITION
Nutrition as a science is relatively recent because it is an app-
lied science in the truest sense. It had to wait for develop ments 
in physics, chemistry and biology before it could really take 
off. However, food is so vital for life that it has interested 
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man since prehistoric times. Further, forming opinions in the 
absence of knowledge is a universal human weakness, and 
hence there exists in every culture and civilization a large 
body of organised ideas and beliefs about food. Some of these 
ideas are rational but ridiculous. For example, there are a vari-
ety of beliefs based on the doctrine of signatures. A person is 
believed to directly acquire some of the superfi cial charac-
teristics of the food he consumes. According to this doctrine 
walnuts are believed to improve mental faculties because of 
the similarity between the surface of the nut and the cerebral 
cortex. Similarly, eating the heart of a lion is thought to pro-
mote bravery, and there is even an ancient belief among the 
Eskimoes that if a preg nant woman is fed the wings of a duck, 
the offspring would grow into a good paddler. As you would 
observe, these beliefs are rational but not true. Reason is neces-
sary but not suffi cient to arrive at the truth. If the basic premise 
on which the reasoning is based is not true, the conclu sion is 
sure to be wrong. Not so ridiculous are the views on food whch 
prevailed in ancient civilizations. At the height of civiliza-
tion in India, China or Greece we have abundant evidence of 
a fl ourishing scientifi c temper, rigorous application of logic, 
and a keen sense of observation. The reason why progress in 
science still remained modest is that the ancients did not pursue 
the experimental approach. Therefore, knowledge remained 
restricted to empirical observations and brilliant theori sing. 
Without much experimentation, it was not possible to under-
stand biological mechanisms in depth.
 In the ancient Indian scriptures we fi nd great stress on 
the relation between food and temperament. The Upanisads 
assert that purity of food leads to purity of thought. The Gita 

differentiates foods into three cate gories. The sattwic foods, 
which are juicy and fresh, are thought to be the favourites of 
those with a saintly and scholarly temperament. The rajasic 
foods, which are sour, salty and pungent are preferred by those 
who are crazy for power and wealth. The tamasic foods are 
stale, rotten and impure, and suit the superstitious and ignorant. 
In the ancient medical texts, Charaka and Susruta Samhita, 
great stress has been laid on the foods suitable for different sea-
sons, regions, temperaments and states of health or disease. It 
seems that an amazing variety of vege tarian as well as nonveg-
etarian foods had been studied, and were possibly consumed 
with some know ledge of their effects on the body. The atten-
tion to details of cooking and storage of food was far more than 
is considered to be of consequence today.
 In ancient Greece, the father of modern medicine, Hippo-
crates, considered food as a whole to be a single entity. 
Although he was factually incorrect, we have now travelled 
full circle and once again come to realise that in practice quan-
tity of food is what matters the most. In an ordinary diet, where 
variety can be taken for granted, merely by paying attention to 
the quantity of food we can prevent and treat diseases associ-
ated with both under nutrition and overnutrition. Hippocrates 
had plenty of advice to give on the relationship between diet 
and disease, most of which does not seem to be valid today. In 
the fi rst century AD, Celsus wrote eight volumes on medicine 
in which considerable space was devoted to food. He classifi ed 
foods into three categories: strong, medium and weak. Based 
perhaps on some intui tive reasoning he also postulated that the 
stronger a food, the more energy it gives, and the more diffi cult 
it is to digest. In light of modern knowledge, we might say that 

Fig. 7.1.2: Food consists of either plant or animal matter. During the process of digestion, the nutrients in food are broken down into 
simpler compounds, generally at a lower energy level than the ingested nutrients. The products of digestion are absorbed, and then may be 
transformed and synthesized into high energy compounds such as glycogen, triglycerides and proteins as and when required by the body. 
The processes of transformation and synthesis are particularly useful for building new cells. Alternatively, the absorbed nutrients are oxidised 
to low energy compounds such as carbon dioxide, water and urea to release energy essential for biological processes. The low energy 
compounds are excreted, and resynthesized into high energy compounds by plants through the process of photosynthesis. In the process 
of photosynthesis, plants trap solar energy and incorporate it into carbohydrates, fats and proteins as chemical energy. We consume plants 
as food directly, or indirectly in the form of animals who have consumed plants. Thus the cycle goes on, with the solar energy providing the 
ultimate source of energy which sustains both plant and animal life.
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fats and oils are the foods that provide the maximum energy 
per unit weight and are also the most diffi cult to digest. In the 
second century AD, Galen wrote three books on food. The fi rst 
book was about cereals and pulses, the second about the fruits 
and vegetables, and the third about animal foods: a reasonable 
enough classifi  cation. Galen also had some idea about meta-
bolism. He postulated that after digestion and absorption food 
is incorporated in the body tissues. During periods of star-
vation, the nutrients are mobilised from the tissues and sent 
to the liver. Although he was not on the mark in considering 
liver to be the most favoured organ, the rest of his scheme is 
broadly similar to our ideas today. Galen’s ideas dominated the 
world of science for about 1300 years. It has been discussed 
already how extremes of authoritarianism and orthodoxy pre-
vented any signifi cant advances from taking place for such a 
long time (Chapter 1.1). However, it must be mentioned that 
during the so-called dark ages, Arabs were the leaders of intel-
lectual activity in the world. They performed a very essential 
service by preserving the ancient Indian and Greek thought in 
the form of translations and commen taries, a role for which 
they were ideally suited, being geographically located between 
these two centres of ancient civilization. In the twelfth century 
AD, the translations and commentaries prepared by the Arabs 
travelled to Spain, and thus the ancient heritage found its way 
back to Europe. Further, the dark ages were not too bad for 
development of an enormous amount of folklore about dietet-
ics. This was one subject in which the thinkers could indulge 
freely without running much risk of persecution by the authori-
tarian rulers or priests. Many of our present sayings such as ‘an 
apple a day keeps the doctor away’ belong to the middle ages. 
The birth of critical rationalism and the experimental approach 
during the 16th century led to remarkable develop  ments in 
physics, chemistry and biology, which fi nally lead to advances 
in the science of nutrition from the 18th century onwards.

The Eighteenth Century
We may consider James Lind’s work on the prevention of 
scurvy among sailors to be the beginning of experi mental work 
on nutrition. James Lind entered the British Navy as a young 
medical graduate in 1739. Life at sea in the eighteenth cen-
tury was no pleasure. Sailors were gene rally poor and help-
less people whom the king could compel to go on a voyage 
to enhance the nation’s trade and his personal prestige. People 
often preferred a sentence in jail to life on the ship. Scurvy 
was a powerful deterrent associated with ships. Although the 
provision of some fresh fruit for preventing scurvy had been 
suggested earlier, it had not become a well accepted practice. 
Lind was aware of the older work, and has referred to it in his 
writings. In 1747 James Lind per formed perhaps the fi rst con-
trolled experiment in nutrition when he conducted a study on 
12 sailors who had been affl icted with scurvy. He divided them 
into six well-matched groups of two patients each. They were 
given different treaments as shown in Table 7.1.1. The group 
receiving two oranges and one lemon every day showed dra-
matic improvement. Those receiving cyder also showed some 
improvement. The other four groups did not show any improve-
ment. The experiment was conducted with great care and pub-
lished in meticulous detail in 1753. Although the conclusion 

was very clear, it was not until 1795 that the Royal Admirality 
imple mented Lind’s suggestion to include some citrus fruits in 
the sailors’ ration. A long gap between theory and prac tice is 
quite characteristic of medicine. But in this case the gap was 
unusually long possibly because of Lind’s mild personality. 
James Lind was essentially an academic person. He was a very 
soft-spoken person with the mannerism of a perfect gentleman. 
He fought shy of politics and could not prevail on the authori-
ties to apply his discovery.
 While James Lind was performing his pioneering experi-
ment, another contemporary of his was busy with a wide range 
of ingeniously designed studies across the English Channel. 
Lavoisier was a highly gifted indi vidual endowed with intel-
ligence, wealth and charm. In the searchingly critical atmos-
phere of 18th century Paris he found just the right environment 
for gratifying his intellec  tual curiosity. His scientifi c work was 
very exten sive and cut across the present boundaries of knowl-
edge. In relation to nutrition, his pioneering discovery was the 
demonstration that combustion and biological oxida tion are 
essentially similar in utilizing oxygen and produ cing carbon 
dioxide. He also intro duced the concept of respi ratory quo-
tient and the effect of food and exercise on metabolism. If we 
look at Table 7.1.2 based on a paper published by Seguin and 
Lavoisier in 1789 we realise how little we have added in the 
200 years that have elapsed since. The data for the paper was 
collected from an experiment performed on Seguin himself. 
Lavoisier is rightly considered the father of modern nutrition. 

Table 7.1.1: James Lind’s experiment on scurvy

 Group Treatment Remarks

 1 Cyder Some improvement observed
 2 Vitriol To see whether food acidity
 3 Vinegar } alone can treat scurvy
 4 Sea water Probably control
 5 Oranges and  Based on previous work. Dramatic
  Lemons improvement observed
 6 Nutmeg and  Based on a popular folk remedy
  mixture of several for scurvy
  other substances

Table 7.1.2: Effect of food, exercise and 
environmental temperature on oxygen 

consumption

 Experimental conditions

Food Exercise Temperature Oxygen Percentage
  (C) consumption change*
   (L/h) (approx.)

1. Fasting Nil 26 24 0**
2. Fasting Nil 12 27 +10
3. After meal Nil 26 38 +50
4. Fasting 9195 ft lb 26 65 +200
5. After meal 9750 ft lb 26 91 +300

n = 1
*as compared to control
**control
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Unfortu nately his brilliant career was cut short by his execu-
tion in 1794 during the French revolution.
 Another experiment performed in the 18th century also 
deserves mention not so much for its pioneering nature but 
rather as an illustration of scientifi c curiosity at its best and 
the selfl ess sacrifi ce with which it may be associated. William 
Stark, a young medical graduate of age 29, was inspired by 
anecdotes regarding excellent health preserved on very simple 
diets, and his obser vations on the poor who seemed to be fairly 
healthy in spite of monotonous diets. In order to study for him-
self the minimum variety of food necessary for life, he repeat-
edly went on experimental diets which were based on bread 
and water (Table 7.1.3). When he found bread and water alone 
led to tiredness, bleeding gums and infl am mation around the 
mouth, he added other compo nents such as sugar, olive oil or 
milk, one at a time, to see which combination was just enough 
to stay in good health. He observed milk to be a very valuable 
addition to bread and water. But unfortunately, he did not stick 
to this combination long enough because of his eagerness to try 
many other combinations. The result was that his health kept 
deteriorating as a result of self experi mentation. He developed 
signs and symptoms which today look like manifestations of 
multiple nutritional defi ciencies. He died in 1770, a victim of 
his experiments, less than a year after starting them.

The Nineteenth Century
By 19th Century, the three nutrients which can supply energy, 
i.e. carbohydrates, proteins and fats, had been identified, 
although they were described using slightly different terminol-
ogy as compared to ours. An interes ting controversy that devel-
oped in the 19th century was whether the body can convert car-
bohydrate into fat. The dogma that organic compounds cannot 
be synthesized in the body was promoted by Dumas, a French 
chemist with an enviable reputation. Besides being a brilliant 
scientist, Dumas was a charming and amiable person, a power-
ful orator, and politically well connected. Therefore in spite of 
the prevailing critical attitude his ideas were rarely contested, 
at least in France. The person who did contest him was Liebig, 
another equally reputed chemist in Germany. Liebig demon-
strated that a lean goose could be fattened on corn. Since corn 
is a high carbohydrate food, Liebig argued that the fat depos-
ited by the goose had been derived by conversion of carbo-
hydrate into fat. Dumas responded by analysing corn, and to 
his great delight discovered that corn had 9% fat. He calcu-
lated that 63% of fat in the fattened goose could have came 
from corn and proposed that the remainder was already present 
before the animal was fattened. Liebig repeated the analysis of 
corn and found less fat in it than had Dumas. Repeated analy-
ses by the two leading schools of chemistry seemed to indicate 
that French corn had more fat than German corn! The contro-
versy was fi nally resolved by Dumas’ associates and friends 
through experiments, two of which were very interesting. In 
1843 Milne Edwards fed 2005 bees exclusively on honey. On 
analysis he found that each bee had only 2.2 mg of fat before 
the feeding experiment began. Each bee had manufactured 
10.6 mg of wax, a fatty substance, during the period of feeding. 
Since honey is almost 100% carbohydrate, it was concluded 
that wax was synthesized by conversion of carbohydrate into 

fat by the bees. Another interesting experiment was performed 
by Dumas’ friend, Boussingault. Boussin gault was a wealthy 
person who lived on a large farm. He performed an experi-
ment on the farm pigs whom he fed potatoes and demonstrated 
that they could be fattened if fed in excess although potato 
is a high carbo hydrate food. But he discovered to his horror 
that each pig was also drinking 9-10 litres of water per day. 
The water came from the washings of the kitchen where food 
for 32 persons was prepared every day. It was discovered that 
the washings consumed by the pigs had enough fat to account 
for a considerable fraction of the fat deposited by the pigs. 
Boussingault communicated his results to Dumas and also the 
possible source of error. He told him also how humiliating it 
was for him, a member of the Academy of Science, to analyse 
dish water, but that (for the sake of truth) he had suffered it. 
He repeated the experiment taking care that the pigs did not 
receive fat from any source other than the potatoes and found 
that the pigs still grew fat if overfed. Then he invited Dumas to 
dinner. The invitation letter dated 27 December 1845 said that 
at dinner one of the dishes would be fatty livers of animals who 
had been fattened on a diet which was not expected to make 
them fat accor ding to the prevailing theory. That ended the 
controversy, and Dumas revised his theory with good grace. 
But after that Dumas gave up research and spent most of his 
time in politics and as a scientifi c adviser.
 Although Dumas lost in the carbohydrate-fat conver sion 
controversy, Liebig was not always right. Liebig proposed that 
carbohydrate is an appropriate fuel only for meeting the energy 
requirements at rest. For physical work, energy is derived from 
protein. This hypothesis was shown to be incorrect in 1859 by 
Edward Smith in an experiment upon himself. He found that 
even stre nuous physical exercise which increases the carbon 
dioxide output 10-fold is not associated with any increase in 
urea excretion. Hence, protein is unlikely to be the source 
of energy for additional work done during the exercise. But 
Edward Smith was a little known scientist whose stature was 
no match for that of Liebig and this mattered just as much in 
the 19th century as any time before or after. Liebig’s hypoth-
esis was once again shown to be incorrect in 1866 by Fick and 
Wislicenus. They found no evidence for additional protein 
breakdown during the strenuous effort involved in mountain 
climbing. Now it is well-established that carbohydrate and fat 
are the preferred fuels both at rest and during exercise. The 
body shifts from one fuel to the other depending upon the avail-
ability or otherwise of carbohydrates. But under no normal cir-
cumstances is protein the major fuel for the body. In spite of 

Table 7.1.3: William Stark’s experiments on
himself performed in 1769

Diet Observation

Bread + water Loss of weight
Bread + water + sugar Ulcers in mouth, swollen and
 bleeding gums, infl amed
 nostrils
Bread + water + olive oil Became further weak, almost
 fainted
Bread + water + milk Recovered
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these undisputed facts manufacturers of health foods continue 
to promote high protein foods for sportsmen even today.

The Twentieth Century
The most signifi cant nutritional advance of the 20th century 
was the clear demonstration of the fact that carbohydrates, pro-
teins and fats are not enough for a satisfactory diet, a fact shown 
in a crude form as early as the 18th century by the sacrifi ce of 
William Stark. But the 20th century experiments demonstrated 
that asto nishingly small quantities of natural foods, particularly 
milk, vegetables and fruits, could overcome the defi  ciency of a 
carbohydrate-protein-fat diet. Further, a large number of well-
defi ned defi ciency syndromes were des cribed. The vitamins or 
minerals which could prevent individual syndromes were iden-
tifi ed, and their chemistry and sources characterised in rapid 
succession. In 1880 Lunin, at age 27, while working for his 
doctorate came very close to the discovery of vitamins. But it 
is surprising that in 40 years of subsequent work as a paedia-
trician, during which he published about 40 papers, he could 
not do any more work as signifi cant as that reported in his fi rst 
paper of 1880. Hopkins, Eijkman and Funk are considered the 
pioneers in vitamin research. The former two also shared the 
Nobel Prize in 1929. The term vitamine was coined by Funk 
by combining vital and amine. But when it was discovered that 
many vitamins were not amines, the ‘e’ was dropped, and the 
term became vitamin. The discovery of individual vita mins fol-
lowed in such quick succession that for some- time there was 
plenty of confusion about the nomen clature. Sometimes the 
same substance was known by several names. But the confu-
sion was fi nally sorted out by Jack Drummond who proposed 
the alphabetical nomen clature in 1920 which is quite popular 
even today. The rapid discovery, isolation and synthesis of a 
large number of vitamins in different laboratories around the 
world led to many controversies. For example Almquist, who 
was the fi rst to isolate vitamin K, communicated his discovery 
to Science. The article was rejected, and then he submitted it 
to Nature. Nature published the article but in the meantime, 
Nature had also published another article on the same subject 
by Dam. Dam had the priority in the discovery on technical 
grounds, and hence the 1943 Nobel prize was awarded to Dam 
but not to Almquist. The discovery of vitamins best illus trates 
Burnett’s statement that “It is hardly too much to say that no 
major discovery destined to be fully incorpo rated into estab-
lished knowledge and techniques is made more than a year or 
two before it is inevitable.” By 1940, all of the vitamins except 
vitamin B12 and folic acid had been discovered. Towards the 
end of the twentieth century, it appeared that we knew almost 
all the nutrients likely to be required for satisfactory nutrition.

The Indian Scene
Nutrition research in India is less than 100 years old. Its begin-
nings were rather insidious, and may be traced to 1901 when 
Robert McCarrison, a young British medical graduate, entered 
the Indian Medical Service imme diately after leaving medi-
cal school. For about 10 years, he worked on infectious dis-
ease as was fashionable among doctors from his country while 
they were work ing in India. But around 1911 while he was 
posted at Kasauli, his attention turned towards goitre. After 

a few years, when he was posted in South India, he shifted 
his attention from iodine defi ciency to vitamin defi ciency. In 
1918, he obtained from the Indian Research Fund Association, 
the predecessor of the Indian Council of Medical Research, a 
research grant for a project entitled “Beriberi Inquiry.” To con-
duct his work he requested for a room at the Pasteur Institute 
at Coonoor which had been established in 1906 to manufacture 
anti-rabies vaccine. The work on Beriberi Inquiry in a room of 
the Pasteur Institute was the beginning of a long and glorious 
chapter in Indian Nutrition Research. Dr. McCarrison’s inter-
ests extended much beyond goitre or beriberi. He was inter-
ested in the general relationship between nutri tion and health. 
He was convinced that the difference in physique between 
Indians and Europeans on one hand and between Indians in 
different parts of the country on the other were both due to 
nutritional factors. Unfortu nately, due to fi nancial constraints, 
the Beriberi Inquiry was axed by the Government in 1923. But 
Dr Robert McCarrison kept the pressure on through corres-
pondence, and fi nally in 1925 he was once again awarded a 
grant for the “Defi ciency Diseases Inquiry” which continued 
upto 1929. In 1926, there came to India a Royal Commission 
on Agriculture which was chaired by Lord Linlithgow. Because 
of his personal interest in nutrition Lord Linlithgow linked up 
agriculture and nutri tion and made a visit to Coonoor to see the 
work going on in McCarrison’s laboratory. McCarrison pre-
sented his work to the Commission with such gusto that the 
Raja of Parlakimedi, who was a member of the Commission, 
immediately sanctioned two fellowships in nutrition which 
were probably the fi rst onces of the kind to be instituted in 
India through private initiative. Secondly, the Commission rec-
ommended that India needed a full-fl edged institute for nutri-
tion research. The visit of the Agriculture Commission was 
also the beginning of a warm and enduring friendship between 
Lord Linlithgow and Robert McCarrison, which proved for-
tuitous when Lord Linlithgow was appointed the Viceroy of 
India after a few years. As per the recom mendations of the 
Commission, Nutrition Research Labo ratories (NRL) were 
founded as an independent institute at Coonoor in 1929, and 
Robert McCarrison was the obvious choice for appointment 
as the fi rst Director of the institute. McCarrison presided over 
the destiny of NRL upto 1935. Although circumstances foisted 
on him the role of institution building, McCarrison was prima-
rily a labo ratory man, a voracious reader, a prolifi c writer, a 
powerful speaker, but not a great administrator. The result was 
that NRL could achieve only limited growth under his stew-
ardship. In 1935 McCarrison retired, and Dr. Wallace Akroyd 
was appointed as the next Director of NRL. Akroyd, in contrast 
with McCarrison, was essen tially a public health man and a 
great organiser. He made plans for quick expansion of NRL 
in three broad areas: analysis of Indian foods, dietary surveys, 
and clinical assessment of nutritional status. There was not 
much emphasis in his plans on basic research in nutrition. But 
the directions choosen by Akroyd established NRL as a major 
source of infor med support to meaningful interventions for 
improving the nutritional status of vulnerable groups in India. 
The analysis of Indian foods that he initiated resulted in 1937 
in a publication Nutritive Value of Indian Foods and Planning 
of Satisfactory Diets which contained data on about 200 Indian 
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foods. The book has been upda ted periodically as more and 
more foods have been analy sed, and continues to this day to 
be the bible of nutri tion workers in India as an authentic source 
of food compo sition data. NRL also provided a good centre for 
training of Indians in nutrition research. The fi rst Indian name 
to appear in a nutrition publication was in 1927, and that too 
was only part of a team of four in which the other three work-
ers were British. In contrast, between 1935 and 1945, 80% of 
the research publications emerging from NRL had exclusively 
Indian names. In 1946 when the time came for Dr Akroyd 
to retire from NRL, there was a suffi cient number of Indians 
available for appointment to the top post at the institute. Dr VN 
Patvardhan was the fi rst Indian Director of NRL. NRL has pro-
duced a number of Indian nutritionists of international repute 
among whom Dr C Gopalan, Dr V Ramalingaswami and Dr 
SG Srikantia deserve special mention. The Nutrition Research 
Laboratories were shifted to Hyderabad in 1966 by Dr Gopalan 
when he was the Director, and renamed the National Institute of 
Nutrition (NIN) in 1969. NIN is the largest centre of nutrition 
research in India. Its work on the mechanism by which high 
leucine grains may predispose to pellagra, and fortifi cation of 
common salt with iron has received international acclaim. NIN 
has also made important contributions towards our understand-
ing of nutrition problems of national importance such as iron, 
iodine and vitamin A defi ciency, fl uorosis and lathyrism.

WHITHER NUTRITION RESEARCH?
For the last 40 years, we have known enough about indi vidual 
nutrients to be able to achieve reasonably good health, satis-
factory growth and normal repro ductive capacity on synthetic 

diets. Solutions containing known nutrients have been given 
intravenously and have, for years at a stretch, successfully 
looked after the entire nutritional needs of patients who are 
unable to eat orally: the procedure is known as total parenteral 
nutrition. This had generated for some time a feeling in some 
quarters that there was no longer much scope for research 
in nutrition. But advances in cellular and molecular biology 
have opened up new avenues for research in nutrition. These 
advances are being applied for studying the role of nutrients at 
cellular and subcellular level. The inter faces between nutrition 
and immunology, nutrition and neurosciences, and nutrition 
and genetics are some other interesting areas of research. In the 
1870s, when Max Planck was a student, he was discouraged 
from taking up physics on the ground that there was no longer 
much scope for research in physics. One only has to look at 
the breathtaking subsequent progress in physics, to which Max 
Planck made important contributions, to realise how wrong the 
prophets of doom can be. While there is no doubt that there is 
still enormous scope for research in nutrition, there is another 
related question to which the answer is not so clear. It is often 
asked whether there is any need for research in nutrition. It is 
true that all our nutritional problems can be solved by proper 
imple mentation of existing knowledge. In fact, people have 
found it possible to eat sensibly even without existing knowl-
edge. It has been estimated that if the period of existence of 
human beings on our planet were compres sed to 24 hours, the 
science of nutrition has been around for only the last 3 seconds. 
Hence the need for survival cannot justify research in nutrition, 
or any other discipline. The need for research can be justifi ed 
primarily on the basis of the satisfaction which new knowledge 
provides to the restless and inquisitive spirit of man.
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7.2
Nutrition as a Limb of 

Energy Metabolism

Staying alive needs constant expenditure of energy. The energy 
is supplied in the form of chemical energy stored in high 
energy compounds which we consume as food. Over the long 
run, energy expenditure and energy intake should be equal. In 
this chapter we will concentrate on energy expenditure. The 
total daily energy expenditure of a living organism has three 
main components: basal metabolic rate (BMR), thermic effect 
of feeding (TEF), and thermic effect of activity (TEA). BMR 
is the irredu cible minimum rate of energy expenditure compat-
ible with life. Because of the practical diffi culties involved in 
measuring BMR, usually the metabolic rate is measured at rest 
in the awake state, and called the resting metabolic rate (RMR). 
RMR accounts for 60-75% of the daily energy expenditure. 
TEF is the energy required for digestion, transformation and 
storage of nutrients, and accounts for about 10% of the daily 
energy expenditure. TEA is the energy expended on physical 
activity and is the most variable component of energy expendi-
ture. It generally makes up 15-30% of the daily energy expend-
iture. In addition, a small and variable amount of energy is also 
spent on meeting challenges such as cold exposure or psycho-
logical stress. These minor expenditures, together with TEF are 
sometimes grouped under ‘thermogenesis’ (Table 7.2.1).

BASAL METABOLISM
Staying alive itself needs energy. Energy expenditure by 
the body when doing apparently nothing is spoken of
as basal metabolism. Basal metabolism is analogous to fuel 
consumption by the idling engine. The energy consumed under 
basal conditions is used for activities which are essential for 
life, as for example, beating of the heart, breathing, mainte-
nance of resting membrane potential of excitable cells, and 
urine formation.

Measurement of Basal Metabolism
Basal metabolism may be measured directly by measuring the 
heat dissipated under basal conditions, or indirectly by measur-
ing oxygen consumption.

1. Direct Calorimetry
It is based on the principle that the energy expended by the 
body is the amount of heat produced by it. The subject is 

seated in a well-insulated chamber, the respi ration calorimeter. 
The calorimeter is fi tted with numerous coils through which 
water fl ows and collects the heat generated by the subject sit-
ting inside. The volume of water and the rise in temperature 
are noted, and energy expended is calculated from these data. 
Although direct calorimetry is simple in principle, it is cumber-
some and costly in practice.

2. Indirect Calorimetry
Indirect calorimetry, which is much more popular owing to 
its simplicity, is based on the principle that oxygen consump-
tion is related to energy production in the body. The relation-
ship is not only mathematical but also physiological, since all 
energy production is, in the long run, aerobic. This was dis-
covered by Lavoisier more than two centuries ago when he 
found a basic similarity between combustion and biological 
oxidation. In both processes, oxygen is consumed to liberate 
energy from high energy compounds, and both are associated 
with release of carbon dioxide. However, the mathematical 
relation  ship between oxygen consumption and energy produc -
tion is not exactly equal for all nutrients. There fore, to convert 
oxygen consumption data into energy produc  tion, we should 
know the nutrients which were utili zed. This can be judged 
indirectly from the ratio of carbon dioxide produced to oxygen 
consumed. The ratio is called respiratory quotient (RQ) or res-
piratory exchange ratio (RER). The RQ of different nutrients 
may be illus trated by taking one example of each nutrient. For 
carbo hydrates, let us consider glucose.
 C6H12O6 + 6O2 = 6CO2 + 6H2O + Energy

 RQ = 
6
6  = 1.0

 For fats, let us consider the saturated fatty acid palmitic 
acid.

Table 7.2.1: Major components of daily energy 
expenditure

Component kcal1 %

Resting metabolic rate 1500 60-75
Thermic effect of feeding 250 10
Thermic effect of activity 300-800 15-30

1Approximate fi gures for a healthy adult

7.2.indd   3817.2.indd   381 8/23/2010   12:29:25 PM8/23/2010   12:29:25 PM



SE
C

T
IO

N
 7

: 
N

u
tr

it
io

n

382

 C15H31COOH + 23O2 = 16CO2 + 16H2O + Energy

 RQ = 
16
23  = 0.7

 For proteins, let us consider the catabolism of the amino 
acid alanine to urea, carbon dioxide and water.

2(CH3.CHNH2.COOH) + 6O2 = CO(NH2)2 + 5CO2 + 5H2O
+ Energy

 RQ = 
4
6  = 0.83

 If you look at these equations critically, you will be able 
to discover the ‘reason’ why RQ varies with the nutrient1. In 
the body, the substrate used as fuel varies from time to time. 
Immediately after a meal, energy is derived predominantly 
from carbohydrates. Between meals, and during exercise, fats 
make a substantial contribution to energy production. In addi-
tion, amino acids which cannot be used for protein synthesis 
are also used for obtaining energy. The effect of substrate on 
RQ and the energy equivalent of oxygen have been shown in 
Table 7.2.2. Since the effect is not dramatic, in case the RQ is 
not actually measured it may be assumed that the body derives 
4.825 kcal or 20 kJ of energy per litre of oxygen consumed. 
These fi gures are valid for an RQ of 0.82 which is a reasonable 
value when the body is using a mixture of nutrients, which is 
really the case over any typical 24 h period.

Procedure
The subject should be in the basal state, which theore tically 
means a state of perfect physical, mental and glandular rest. 
Physical rest is easily ensured by making the subject lie 
down on a comfortable couch in a relaxed posture. Glandular 
rest refers to the secretory activity of the alimentary canal. 
Although absence of secretion cannot be ordinarily achieved, 
a considerable reduction in activity can be obtained by having 
the subject report in the post-absorptive state. For that, the sub-
ject should have his last meal 14 h earlier. Since the test is gen-
erally conducted in the morning, in practice this requirement 
means that the subject should report fasting, the last meal being 
an early dinner or supper the previous evening. Mental rest is 
the most elusive of the three requirements of the basal state. A 
quiet, relaxed, and cheerful atmos phere and a comfortable tem-
perature are conducive to mental relaxation but cannot guaran-
tee it. A man on a railway platform may be much more relaxed 
than one in a sound-proof air conditioned room.
 When the subject reports for the test, he is received warmly, 
explained the procedure, and then made to lie down on the 
couch. He is allowed some time for getting accustomed to the 
persons and the apparatus in the laboratory, and also to breath-
ing through the mouthpiece of a spirometer. Then his oxygen 
consumption is recorded on the spirometer till a consistent and 
steady record is obtained for six minutes at a stretch. From the 
six-minute oxygen consumption, basal metabolic rate may be 
calculated as follows:

 Suppose the 6 min oxygen consumption = 1200 mL
 Then oxygen consumption = 1200 × 10 mL/h
  = 12000 mL/h
  = 12 L/h
 Suppose carbon dioxide production was not meas ured.
 Then, assuming that the caloric equivalent of oxygen 
= 5 kcal/L oxygen,
 Basal metabolic rate (BMR) = 5 × 12 kcal/h
 = 60 kcal/h
  If the body weight of the subject is 60 kg,

 BMR = 
60
60  kcal/kg/h = 1.0 kcal/kg/h

 BMR is commonly expressed in terms of surface area of 
the body.
 Surface area may be calculated by using DuBois and Du 
Bois’ formula, i.e.
 S = 71.84 W0.425 × L0.725

  where S is surface area in sq cm,
  W is body weight in kg, and
  L is height in cm.
 Alternatively, surface area may be determined by consult-
ing a nomogram. Suppose this subject’s height is 160 cm, then 
his surface area by DuBois’ formula
 = 71.84 × 600.425 × 1600.725

 = 71.84 × 5.7 × 39.6
 = 16215.7 sq cm
 = 1.6 sq m
 Using the nomogram also, his surface area is 1.6 sq m.
 Hence BMR = 60/1.6 kcal/sq m/h
     = 37.5 kcal/sq m/h
 Since basal conditions are diffi cult to obtain, and even 
when all efforts are made to achieve the basal state, it cannot 
be guaranteed, it is preferable to call the metabolic rate meas-
ured under resting conditions simply the resting metabolic rate 
(RMR). Calling the measurement RMR instead of BMR is not 
merely a matter of semantics but rather a question of intellec-
tual honesty. We should not claim to have measured what we 
cannot, and should call our measurement what it really is.
 The RMR measured on a subject can be interpreted in 
terms of published tables based on multiple measure ments 
on large number of subjects under carefully control led condi-
tions. Then the measured RMR is expres sed in terms of the 

1 The reason is that fat and protein molecules have less oxygen in relation to carbon and hydrogen as compared to carbohydrates. Since less oxygen is 
built into their molecules, more oxygen is required from the air to achieve oxidation of carbon and hydrogen in the fat and protein molecules. The larger 
amount of oxygen required for combustion of fats and proteins reduces their RQ as compared to that of carbohydrates. Verify these statements by look-
ing at the equations.

Table 7.2.2: Effect of substrate on RQ and energy
equivalent of oxygen

Substrate RQ Energy equivalent (per L oxygen)

  kcal kJ

Carbohydrate 1.0 5.0 21.1

Fat 0.7 4.9 19.6

Protein 0.8 4.6 19.3
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percentage deviation from the value predicted for the subject 
from the tables. A deviation of + 15% is considered within 
normal limits.
 As an approximation, the normal RMR of a healthy adult 
male is 1 kcal/kg body weight per hour. Assuming the body 
weight to be 60 kg, the RMR works out to about 1500 kcal/day.

Physiological Variations in RMR
RMR represents tissue metabolic activity. Hence RMR is 
affected by any factor which alters cellular metabolic activity 
or alters the metabolically active cell mass.

Age
The metabolic rate declines from birth onwards. The high 
metabolic rate of children is probably due to metabolic activity 
associated with growth, e.g. protein synthesis. The fall in meta-
bolic rate in old age may be at least partly due to a decrease in 
lean body mass.

Sleep
The metabolic rate falls by about 10% during sleep. The fall 
may be due to decreased activity of the sympathetic nervous 
system, or decreased tone of skeletal muscles.

Exercise
Physically active individuals have a higher RMR than seden-
tary individuals. Thus regular exercise has an effect on meta-
bolic rate which extends much beyond the duration of the 
exercise.

Sex
The metabolic rate of women is 6 to 10% lower than that of 
men. This effect may be partly due to the difference in sex hor-
mone profi le of the two sexes. This is suggested by the increase 
in the metabolic rate of women during the postovulatory phase 
of the menstrual cycle, presum ably due to increased level of 
progesterone. The other reason for the sex variation may be the 
relatively higher adipose tissue mass of women as discussed 
later in rela tion with the effect of body composition on meta-
bolic rate.

Pregnancy
There is a slight fall in RMR during the fi rst 18 weeks of preg-
nancy. But after that the RMR rises steeply due to increase in 
maternal lean body mass and foetal metabolism.

Body Composition
The body is not homogeneous in terms of metabolic rate. 
Adipose tissue has a much lower metabolic rate than other 
tissues. Hence higher the percentage of adipose tissue in the 
body, lower the RMR per kg body weight. If RMR is expressed 
per kg fat free mass or per kg lean body mass, much of the 
variation due to age and sex disappears.

Pathological Variations in RMR
Fever
There is an approximately 13% rise in RMR for each degree 
centigrade rise in body temperature. This is because the rate 

of metabolic reactions (like that of other chemical reactions) 
increases with a rise in temperature.

Abnormal Activity of Thyroid
Thyroid hormones have a profound infl uence on RMR. RMR 
is markedly increased in hyperthyroidism, and decreased in 
hypothyroidism. However, since more specifi c tests such as 
protein bound iodine (PBI), and tri- and tetra-iodothyronine 
levels are now available, RMR has lost its value as a diagnostic 
test for thyroid disorders.

Undernutrition and Overnutrition
There seems to be an adaptive decrease in RMR as a result 
of prolonged undernutrition, and an adaptive increase in pro-
longed overnutrition. The adaptation helps the body in adjust-
ing to the food supply without an undue change in body weight.
 The reduction in RMR during energy restriction occurs 
in two phases. The initial decline in RMR is due to an actual 
reduction in the metabolic rate of metabolically active tissues. 
This has been considered to be an indication of enhanced meta-
bolic effi ciency. If the energy restriction continues beyond 2 or 
3 weeks, there is a further decrease in RMR which is attribut-
able to loss of active cellular tissue. The initial adaptive decline 
in RMR seems to be the result of reduced sympathetic nerv-
ous system activity, and a reduction in tri-iodothyronine (T3) 
levels. Changes in the opposite direction possibly explain the 
acute increase in RMR following overfeeding.
 It is doubtful if the same mechanisms apply to individuals 
who have been chronically energy defi cient for long periods. In 
such cases a decrease in lean body mass and a change in body 
composition may be the major mechanisms for a reduction in 
RMR.

Obesity
Obesity is a heterogeneous disorder. Some varieties of obesity 
are associated with reduced RMR which may, at least partly, 
explain the tendency to deposit fat. These individuals pay a 
price for being more effi cient at utilising their energy intake.

Tumours
Some cancer patients show an increase in RMR. This is 
thought to be due to the addition of metabolically active mass 
to the body in the form of tumour cells. However, in a recent 
study in which RMR was done both before and after surgical 
removal of the tumour, the RMR continued to be high even 
after removal of tumour. Thus the mechanism of elevation of 
RMR in cancer patients remains obscure.

THERMIC EFFECT OF FEEDING
RMR is measured in the postabsorptive state. From this, you 
might have imagined that eating may alter the metabolic rate. It 
is true that the metabolic rate starts increasing about 0.5 h after 
a meal, stays high for about 2 h and then declines to the resting 
level within 4 h (Fig. 7.2.1). This increase in metabolic rate 
following a meal, earlier called specifi c dynamic action, is now 
called the thermic effect of feeding (TEF) or dietary induced 
thermo genesis (DIT). TEF represents the energy expenditure 
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incurred on utilizing the food, and has therefore been com-
pared to a tax. TEF is partly due to the additional secretory 
and muscular work that the digestive tract has to undertake to 
digest and absorb the meal. Part of the TEF is due to the energy 
spent by the liver and other tissues for breaking down, storing 
or transforming the nutrients present in the meal. Therefore the 
magnitude of TEF depends on the nature of the meal. The mag-
nitude of TEF is greater after a protein meal than after a carbo-
hydrate or fat meal. But small variations in nutrient composi-
tion of a mixed meal do not affect its TEF much. The TEF of a 
mixed meal seems to depend mainly on its total energy content 
and amounts to about 10% of the ingested energy.
 TEF is enhanced by sympathetic neural activity. TEF 
may be one of the regulators of caloric balance. Several 
studies indicate that some forms of obesity may be at least 
partly due to reduced TEF. Thus on a comparable calo-
ric intake, some individuals may be able to save more 
energy for depositing fat by virtue of having a lower
TEF.

THERMIC EFFECT OF ACTIVITY
The energy expenditure during a physical activity may also 
be measured from the oxygen consumption during the activity 
by indirect calorimetry. By subtracting the resting metabolic 
requirements during the activity from the total energy expendi-
ture during the activity, the energy cost of the physical activity 
may be calculated. TEA is the most fl exible and variable part 
of energy expenditure which can be altered voluntarily. Apart 
from the energy cost during the activity itself, regular physi-
cal activity infl uences also the RMR. The RMR of physically 
active individuals is higher than that of sedentary individuals. 
The effect seems to be due to the higher sympathetic nervous 
system activity in active indi viduals.
 The energy expenditure on a large variety of everyday 
activities has been worked out. Knowing the daily activities of 
an individual and the duration of each activity, the daily energy 
expenditure may be calculated. In a state of energy balance 
energy expenditure should equal intake. Knowledge of the total 
energy required for RMR, TEF and physical activities gives us 

the most rational estimate of the desirable energy intake of an 
individual.

QUESTIONS AND PROBLEMS
1. How does the metabolic rate of overweight individuals 

compare with that of normal weight individuals?
2. Compare the energy cost of walking, running or cycling a 

distance of 1 km.

ANSWERS AND SOLUTIONS
1. The metabolic rate of adipose tissue is much lower than that 

of other tissues. In overweight individuals, adipose tissue 
constitutes a larger fraction of the body. Therefore the effect 
of body weight on RMR depends on the mode of expres-
sion. In absolute terms (i.e. kcal/h), RMR is higher in the 
overweight because of their larger body mass. In terms of 
unit body weight (i.e. kcal/kg/h), it is lower in the over-
weight because of adipose tissue forming a larger fraction 
of their body weight. In terms of unit lean body mass (i.e. 
kcal/kg lean body mass/h), RMR is nearly the same in all 
individuals irrespective of body weight.

2. Let us consider them one by one.
 Walking. Let us assume the person walks at 3 km/h. The 

energy spent during walking at 3 km/h is 2.5 kcal/kg/h. But 
the person would consume 1 kcal/kg/h even if he was not 
walking (RMR). Hence the extra energy spent because of 
walking is 1.5 kcal/kg/h. The time spent to walk a distance 
of 1 km at 3 km/h is 1/3 h.

 Energy cost of walking 1 km = 1.5 × 1/3 = 0.5 kcal/kg.
 Running. Let us assume the person runs at 10 km/h. The 

energy spent during running at 10 km/h is 10 kcal/kg/h. 
Taking the RMR into account, the extra energy spent 
because of running is 9 kcal/kg/h. The time spent to run a 
distance of 1 km at 10 km/h is 0.1 h.

 Energy cost of running 1 km = 9 × 0.1 = 0.9 kcal/kg.
 Cycling. Let us assume the person cycles at 10 km/h. The 

energy spent during cycling at 10 km/hr is 5 kcal/kg/h. 
Taking the RMR into account, the extra energy spent 
because of cycling is 4 kcal/kg/h. The time spent to cycle a 
distance of 1 km at 10 km/h is 0.1 h.

 Energy cost of cycling 1 km = 4 × 0.1 = 0.4 kcal/kg.
 As compared to walking, running costs more energy pos-

sibly because the muscles are used less effectively than in 
walking. Running includes ‘jumping’ movements which 
cost energy, increase speed, but do not help in covering dis-
tance. Cycling costs the least amount to cover the same dis-
tance because speed is gained by employing the mechanical 
advantage of the bicycle. You may try the three methods 
of locomotion to cover equal distances as an experiment. 
Check whether your feeling of tiredness tallies with the 
energy cost we have calculated.

Fig. 7.2.1: Thermic effect of feeding.
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7.3
Carbohydrates

High carbohydrate foods are readily available, palatable and 
inexpensive. Physiologically, carbohydrate is the preferred fuel 
of the body. Hence carbohydrates constitute the largest frac-
tion of our diet. In an Indian diet 60-80% of the energy intake 
comes from carbo hydrates.

CHEMISTRY
As the name suggests, carbohydrates (carbo, carbon; hydro, 
water) are compounds made up of carbon, hydrogen and 
oxygen, the proportion of hydrogen and oxygen being the same 
as in water. Depending on the complexity of molecules, carbo-
hydra tes may be classifi ed into monosaccharides, disaccha-
rides and poly saccharides.

Monosaccharides
These are the simplest carbohydrates, and are further subdi-
vided into pentoses (C5H10O5), e.g. arabinose, and hexoses 
(C6H12O6), e.g. glucose, fructose and galactose.

Disaccharides
Each disaccharide molecule (C12H22O11) is formed by the 
condensation of two monosaccharides. Disaccharides of nutri-
tional importance are sucrose (glucose + fructose), and lactose 
(glucose + galactose).

Polysaccharides
Each polysaccharide molecule (C6H10O5)x is a polymer of 
monosaccharides. Polysaccharides of nutritional importance 
are starch, cellulose, hemicellulose and pectin.

SOURCES
Cereals are the most important dietary source of carbohydrate 
in the Indian diet. Pulses, potato and banana are other apprecia-
ble sources of carbohydrate. All these sources supply carbohy-
drate primarily in the form of starch. Other important sources 
of carbohydrate are sugar, which is, chemically, sucrose, and 
milk, which supplies lactose.
 Cellulose, hemicellulose, pectins and related compounds 
may be obtained from cereals, pulses, fruits and vegetables. 
Refined grains have much less of these compounds than 

unrefi ned (whole) grains because their concentration is much 
higher in the husk than in the kernel. Beans have appreciable 
amounts of the raffi nose group of oligosaccharides which are 
apt to cause fl atulence.
 The sources of dietary carbohydrates have been summa-
rised in Table 7.3.1.

PHYSIOLOGICAL ROLE
Physiologically, carbohydrates may be divided into those 
which are readily digested by secretions of the gastro intestinal 
tract, and those which are resistant to such digestion.

Digestible Carbohydrates
The quantitatively important members of this group are starch, 
sucrose and lactose. All digestible carbohydrates provide 4 
kcal/g. Further, all digestible carbohydrates either yield glu-
cose on digestion, or yield mono saccha rides which can be con-
verted into glucose in the body. Glucose can yield some energy 
anaerobically by glyco lysis (Embden-Meyerhoff pathway), 
and a lot more energy aerobically (Krebs cycle). Alternatively, 
glucose may be converted into the storage form (glycogen), 
or into triglycerides, or into a limited number of amino acids. 
In spite of the basic fact that all digestible carbo hydrates may 
be used in one of these ways, all diges tible dietary carbohy-
drates are not alike. Some physio logical diffe rences between 

Table 7.3.1: Dietary carbohydrates

Carbohydrate Chemistry Source

Digestible
 Starch Polysaccharide Cereals, pulses, potato, banana
 Sucrose Disaccharide Sugar
 Lactose Disaccharide Milk
 Glucose Monosaccharide Honey, grapes, plums
 Fructose Monosaccharide Honey, apples, pears
 Glycogen Polysaccharide  Liver

Indigestible
 Cellulose Polysaccharide Husk of grains
 Hemicellulose Polysaccharide Husk, fruits and vegetables
 Pectin Polysaccharide Husk, fruits and vegetables
 Raffi nose Oligosaccharide Beans group
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individual members of this group and their pathophysiological 
signifi cance have been discussed below.

Glycaemic Response
After oral ingestion of a carbohydrate food the blood glu-
cose level starts rising, reaching a peak between 0.5 and 1.0 
h. The level returns to the fasting level 2-3 h after ingestion. 
Monitoring the postprandial glycaemia after ingestion of a 
standard dose of glucose forms the basis of the oral glucose tol-
erance test. It has been observed that the degree and pattern of 
rise in post prandial glycaemia depends not only on the amount 
of carbohydrate but also on the type of carbohydrate ingested 
and a variety of other factors. In general, the rise is less steep 
after ingestion of complex carbohydrates (e.g. starch) than after 
ingestion of simple carbohydrates (e.g. sucrose or glucose). 
Other factors which reduce postprandial glycaemia include:
a. inadequate chewing of food
b. inadequate cooking of starch
c. presence of indigestible substances (dietary fi bre) in food
d. large particle size of food
e. presence of enzyme inhibitors in food, and
f. presence of protein or fat in association with carbo hydrate.
 The postprandial glycaemia in response to a 50 g carbo -
hydrate portion of the food may be quantifi ed and compared 
to the response to an equivalent carbohydrate (CHO) load in 
the form of a reference food. The reference food in current 
use is white bread. The result is expressed as glycaemic index 
(GI).

GI = 
 AUC after 50 g CHO as test food

 AUC after 50 g CHO as white bread  × 100

where,  AUC is the incremental area under the 3-h post-
prandial plasma glucose curve (Fig. 7.3.1). The GI of a few 
common foods is given in Table 7.3.2. Using foods with low 
GI forms the physiological basis of a rational diet for diabetes 
mellitus.

Energy Intake
Although every carbohydrate provides 4 kcal/g, in practice 
energy intake is infl uenced by the source of carbo hydrate. The 
reason is that the amount of carbo hydrate required for achiev-
ing satiety differs with the food. In general, satiety is achieved 
at a meal if consum ing it takes about 20 min irrespective of its 
energy content. Sugar adds energy to a food without adding 
to its volume or the time required to consume it. In fact, by 
making the food more palatable, sugar may reduce the time 
taken to consume it. Sugar enters the body so pleasantly, 
imperceptibly and effortlessly that it adds appre ciably to the 
energy intake quite silently. In contrast starchy foods take time 
and effort to chew, and are less palata ble than sugar. Therefore 
we are likely to ingest much more carbohydrate if the meal 
consists of a sugar-contain ing food than if it consists of a 
starchy food. As a result, the energy intake is generally higher 
on sweets than on starchy foods although both sugar and starch 
provide 4 kcal/g. That is why those who consume more sweets 
are prone to grow overweight.

Nutritional Status
One seldom eats pure starch or sugar. Starch generally forms a 
part of grains which provide, in addition, pro tein, vitamins and 
minerals. In contrast, sugar often forms a part of foods which 
provide little else of value. That is why such foods are called 
junk foods. They crowd out the appetite but do not provide a 
balanced mixture of nutrients. Therefore the nutritional status 
is likely to be better on starchy foods than on sugary foods.

Dental Health
Sucrose is a suitable substrate for a variety of bacteria resi ding 
in the mouth while starch is not. Therefore within minutes of 
eating a sugar containing food, the bacteria start fermenting 
sucrose, producing acidic substances. Acid tends to dissolve 
the enamel covering the teeth. Removal of the protective 
enamel coat even tually leads to dental caries. That is why it is 
important to wash the mouth as soon after consuming a sweet 
food or drink as possible.

Fig. 7.3.1: The glycaemic index. Note that the plasma glucose 
levels plotted in the graph are incremental values, i.e. values 
above the fasting level. Hence the 0 h level (fasting) is 0 mg/dl. D 
AUC, incremental area under the 3-h plasma glucose curve; CHO, 
carbohydrate. (Reproduced from Bijlani RL. Nutrition: a practical 
approach. New Delhi: Jaypee, 1992, Fig. 5.40, p. 136).

Table 7.3.2: Glycaemic index of common foods

 Foods GI

 Potatoes, cornfl akes 80 - 90
 Whole wheat bread, white rice 70 - 79
 Brown rice, bananas 60 - 69
 Buckwheat, frozen peas 50 - 59
 Peas, beans 40 - 49
 Many legumes, milk, ice cream, peanuts < 40

(From Bijlani RL. Nutrition : A Practical Approach. New Delhi, 
Jaypee, 1992, p. 137).

A, 50 g-CHO REFERENCE MEAL

B, 50 g-CHO TEST MEAL

GI = 
 AUC after 50 g CHO test meal

 AUC after 50 g CHO reference meal
 × 100
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Indigestible Carbohydrates: Dietary Fibre

Although dietary fi bre includes substances other than indiges-
tible carbohydrates also, this is an appropriate place to discuss 
the physiological role of dietary fi bre. Dietary fi bre is obtained 
from plant foods, and consists of a heterogeneous group of 
chemicals, most of them polysaccharides residing in the cell 
walls, which share the physiological property of being resistant 
to digestion by the endogenous enzymes of the human gastro-
intestinal tract (Fig. 7.3.2). Each point in this defi nition merits 
comment. The fact that dietary fi bre is obtained only from plant 
foods is almost axiomatic. Most of the sub stances considered 
part of the fi bre complex are polysaccharides but a notable 
exception is lignin which consists of substituted phenylpropane 
polymers. Most of the components of dietary fi bre reside in 
the cell wall but pectin is found also intracellularly. Although 
all consti tuents of fi bre are resistant to hydrolysis by diges-
tive enzymes of the gut, a small but fi nite part of starch is also 
resistant to such digestion.
 This fraction of starch has been named resistant starch, and 
its proportion in a food may change with the stage of ripen-
ing, cooking or storage. Physiologically, resistant starch also 
behaves like dietary fi bre. Further, resistant starch, most of the 
pectin, and a part of hemicellulose and cellulose are fermented 
by bacterial fl ora of the large intestine.

Physiological Role of Dietary Fibre
Although fi bre is not digested, it is neither a passive nor redun-
dant part of the diet. Its physiological signifi cance, which is 
becoming increasingly clear, extends beyond the gut.
Gastrointestinal effects A high fi bre meal is bulky in rela-
tion to its caloric content. The bulk increases further in the 
stomach due to the water holding properties of dietary fi bre. 
Larger volume of a high fi bre meal coupled with its higher vis-
cosity slows down the rate of gastric emptying. In the small 
intestine too, fi bre prolongs the residence time of food by slow-
ing down the motility. But the effects of fi bre on large intestinal 
motility are quite different. Dietary fi bre, which starts as a rela-
tively small constituent of the diet, becomes a major constitu-
ent of the material delivered to the large intestine. Therefore 
the volume of the colonic contents depends greatly on the fi bre 
content of diet. Fibre, together with the water that it holds, 
increases the volume and viscosity of the contents of the large 
intestine. This stimulates the motility of the large intestine and 
increases the volume, softness and frequency of evacuation of 
faecal matter.
 ‘Besides motility, fibre also affects the digestive and 
absorptive functions of the gut. By providing relatively inert 

space-occupying material, fibre spreads out the digestive 
function over a longer length of the small intestine. Further, 
by binding bile salts, and by interposing a mechanical barrier 
between nutrients and the absorptive surface, fi bre reduces the 
effi cacy of absorption. However, because of the great physi-
ological reserve of the intestine, nearly complete absorption is 
achieved even on high fi bre diets by utilizing a longer length of 
the small intestine.
Effects on glucose metabolism It has already been men-
tioned that glycaemic response to a carbohydrate meal is 
reduced if the meal also includes dietary fi bre. This is thought 
to be secondary to the gastrointestinal effects of fi bre. Since 
fi bre slows gastric emptying, and spreads absorption over a 
longer segment of the small intestine, the rate of delivery of 
digested carbohydrate to the absorptive surface is reduced. 
Hence the post-prandial glycaemia is reduced.
Effects on lipoprotein metabolism Some components of 
dietary fi bre reduce blood cholesterol level. This is thought to 
be mainly due to the bile salt binding effect of dietary fi bre 
(Fig. 7.3.3). Bile salt binding by fi bre increases the faecal 
excretion of bile salts and corres pondingly reduces the amount 
available for entero-hepatic circulation. Hence the need for de 
novo synthesis of bile salts in the liver is increased. Increased 
synthesis of bile salts increases the utilization of cholesterol for 
this purpose thereby reducing the blood level of cholesterol.

Pathological Implications of Dietary Fibre Defi ciency
We have become specially aware of the importance of fi bre in 
the diet during the last three decades. The credit for this goes to 
Surgeon Captain TL Cleave, Denis Burkitt and Hugh Trowell, 
all of them British doctors who spent considerable part of their 
career in Africa. They were struck by the virtual absence in 
Africa of several diseases which are very common in Europe 
and North America. They attributed the difference in the dis-
ease pattern to diet. Cleave emphasized the excess of sugar, 

Fig. 7.3.2: The major constituents of dietary fi bre.

Fig. 7.3.3: The principal mechanism by which dietary fi bre lowers the 
concentration of cholesterol in blood. DF, dietary fi bre.
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while Burkitt and Trowell elaborated on the defi ciency of fi bre 
in the Western diet. Cleave crystallized his thinking in terms 
of evolution. He hypothesized that the changes in Western 
diet were too rapid for evolution to keep pace with. Hence the 
human species is poorly adapted to a diet high in refi ned carbo-
hydrates. There fore such a diet predisposes to several diseases. 
Burkitt and Trowell proposed the fi bre hypothesis and tried to 
explain the mechanisms whereby fi bre defi ciency might lead to 
diseases of the modern civilization. Thus it was the absence of 
fi bre which made us realise the importance of fi bre in the diet.
Constipation The role of fi bre in making the faecal matter 
soft and bulky has been discussed above. That makes fi bre 
important in the prevention and treatment of constipation as 
well as its sequelae such as piles and varicose veins.
Cancer Epidemiological as well as experimental studies 
suggest that dietary fi bre protects us from cancer of the large 
intestine. The mechanisms possibly responsible for the protec-
tion include dilution of carcinogens by the water held by fi bre; 
reduction in the duration of contact between carcinogens and 
colonic mucosa due to stimulation of motility by fi bre; and 
binding of carcinogens to fi bre.
Obesity It was discussed earlier that starchy foods take 
longer to chew than sugary foods. Among starchy foods, those 
in which fi bre is still intact take more time and effort to chew 
than those from which fi bre has been removed. Further, as 
mentioned above, fi bre slows down gastric emptying. Both 
these mechanisms promote satiety, and limit energy intake. 
Finally, fi bre limits energy intake by displacing energy-yield-
ing nutrients. Fibre adds to the weight and volume of food but 
makes only a negligible contribution to energy intake. Thus 
fi bre reduces the energy density of food.
Diabetes mellitus The reduction in postprandial glycaemia 
brought about by fi bre has been discussed earlier. Thus high 
fi bre foods reduce the peak requirement of insulin during the 
postprandial phase. Further, a high fi bre diet has also been 
shown to improve carbohydrate tolerance possibly by increas-
ing the peripheral sensitivity to insulin. Both these mechanisms 
make high fi bre diets a rational choice for prevention as well as 
treatment of diabetes mellitus.
Atherosclerosis and coronary artery disease The pos-
sibility that some varieties of dietary fi bre lower serum choles-
terol has been mentioned earlier. Further, fi bre has a benefi cial 
effect on obesity and diabetes. Since hypercholesterolaemia, 
obesity, diabetes and athero sclerosis often form one inter-
related complex in the same individual, high fi bre diets are 
thought to be useful for all these metbolic disorders associated 
with over nutrition. Coronary artery disease is merely a specifi c 
instance of atherosclerosis in which the coronary arteries have 
been affected by the disease process.

CARBOHYDRATE REQUIREMENTS
There is no strictly scientifi c reason why carbohydrate is essen-
tial in the diet. It is often said that fats burn in the fl ame of 
carbohydrates. This concept is based on the fact that only car-
bohydrates can supply the oxaloacetate requi red to keep the 
Krebs cycle running. The minimum amount of carbohydrate 

required for this purpose can be derived from gluconeogenic 
amino acids. Thus it is theoretically possible to have a satis-
factory diet devoid of carbohydrates. In practice, however, 
carbohydrates are an abundant and inexpensive nutrient. Any 
diet devoid of carbohydrates would be highly inconvenient, 
un palata ble, expensive, and needlessly lop-sided. It was previ-
ously believed that at least diabetics should have a low car-
bohydrate diet. But it was shown in 1935 by Himsworth, and 
once again in recent studies, that a high carbo hydrate diet actu-
ally improves carbohydrate tole rance, possibly through up-reg-
ulation of insulin recep tors. Thus a high carbohydrate diet of 
the type common in India is a healthy diet. We need no longer 
be apologetic about the high carbohydrate diet of Indians, and 
defend it on grounds of poverty or blind tradition. The tradi-
tional Indian diet can stand on its scientifi c merit, and can well 
serve as a model for designing a healthy diet for normal per-
sons as well as patients of diabetes melli tus.

QUESTIONS AND PROBLEMS
1. Do animal foods provide carbohydrate?
2. What are functional foods, probiotics, prebiotics and 

synbiotics?
3. What are phytochemicals?

ANSWERS AND SOLUTIONS
1. Animal foods do not supply much carbohydrate. Milk con-

tains lactose, the concentration being 4.4 g/100 mL in cow’s 
milk. Muscle and liver contain a small amount of glycogen. 
But much of muscle glycogen is lost during rigor mortis.

2. A functional food is one which has a benefi cial effect beyond 
the traditional nutritional effect. The traditional nutritional 
effects are: to provide energy, to replace wear and tear, and 
to participate in intermediary metabolism (as vitamins and 
minerals do). In that sense, a high fi ber food is also a func-
tional food because the benefi cial effects of fi ber go beyond 
the traditional nutritional effects. Recently the list of natu-
rally occurring as well as manufactured functional foods 
has expanded rapidly. Two of the important categories of 
functional foods are probiotics and prebiotics. A probiotic 
is a food containing live microorganisms which confer on 
it unique benefi cial effects. Curd is a traditional probiotic 
food in India. Prebiotics are nondigestible components of 
food which selectively stimulate the growth and/or activ-
ity of those colonic bacteria which confer benefi cial effects 
on the host. Fiber, specially water soluble fi ber, and resist-
ant startch, are prebiotics. A synbiotic is a combination of 
probiotics and prebiotics. The combination works synergis-
tically. The probiotic provides some benefi cial organisms 
to start with, and the prebiotic encourages their long-term 
implantation in the colon. Thus a combination of rice and 
curd, paratha and curd/lassi, are synbiotics. Spices may also 
be considered functional foods because many of them have 
been shown to have antioxidant, anti-infective, anti-tumor 
and immunoenhancing effects. All these benefi cial effects 
go beyond those expected from a traditional nutrient. As 
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these examples show, functional foods are an integral part 
of Indian dietary habits. We only need to strengthen these 
habits instead of getting lured by expensive, technology-
intensive options which might suit commercial interests 
better.

3. As the term indicates, phytochemicals (phyton, plant) are 
chemicals found in plants. Currently the term is applied to 
non-nutrient chemicals in plant foods. Their list now runs 
into hundreds. Although their concentration in plants is very 

low, and the physiological signifi cance of many of them 
unknown, it does not mean that they serve no important 
function. Some of them are known to have antioxidant, 
anti-infective, anti-tumor, immunoenhancing, estrogenic, 
hypoglycaemic or hypo lipidaemic effects. Some of them 
may confer medicinal properties on the foods. As in ancient 
times, the dividing line between food and drugs is once 
again getting hazy. Hence the now fashionable, although 
controversial, term: nutraceuticals.
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7.4
Fats

Fats are a concentrated source of energy. One gram of fat pro-
vides 9 kcal energy, as compared to carbohydrates and pro-
teins which provide only 4 kcal/g each. Because of the great 
chemical resemblance between dietary fat and body fat, the 
two are sometimes confused. However, dietary fat undergoes 
digestion, and after absorption may enter several alternative 
metabolic pathways, many of which may not lead to its form-
ing body fat. On the other hand, if the energy intake exceeds 
energy require ments, excess of fat is deposited in the body. 
This happens even if the excess intake is in the form of carbo-
hydrates and proteins. Thus body fat may be synthesized from 
non-fat sources.
 Besides serving as a concentrated source of energy, dietary 
fat also makes the diet palatable, and helps in the absorp   tion of 
fat soluble vitamins. Presence of fat also imparts satiety value 
to the diet by reducing the rate of gastric emptying.
 Body fat, in the form of triglycerides, serves the func tion 
of storing energy which is drawn upon several times a day 
during the postabsorptive phase, and more heavily during 
fasting or starvation. Besides that, fat also insula tes the body 
against changes in environmental tempe rature. Specifi c fats or 
their derivatives also form components or precursors of cell 
membranes, myelin, steroid hormones and prostaglandins. Fats 
required for most of these functions can be synthesized in the 
body even if the diet contains no fat except for a small quan-
tity of essential fatty acids which is necessary in the diet as 
explained later in the chapter.

CHEMISTRY
Dietary fats generally belong to one of the categories described 
below.

Triglycerides
Most of the dietary fats consist of triglycerides. Chemi cally, 
triglycerides are esters of glycerol and fatty acids. Individual 
triglycerides differ in two respects: the number of carbon 
atoms in the constituent fatty acids, and the degree of satura-
tion of the carbon chains of the constituent fatty acids. Dietary 
triglycerides have predominantly long chain fatty acids, i.e. 
they have 16 or more atoms in the carbon chain. With respect 

to saturation, fatty acids may be saturated (no double bond), 
mono-unsaturated (one double bond), or poly unsatu  rated (more 
than one double bond). Poly unsaturated fatty acids (PUFA) are 
further classifi ed into n-3 PUFA and n-6 PUFA depending on 
the position of the fi rst double bond, counting from the methyl 
end of the fatty acid molecule. The constituent fatty acids of 
triglyce  rides in a given source of dietary fat are hetero geneous 
but follow a broad pattern. Animal fats are generally saturated 
while vegetable fats are generally unsaturated. Hydrogenation 
of vegetable fats makes them saturated.

Other Lipids
Besides triglycerides, food also contains small amounts of cho-
lesterol. The cholesterol content of a dietary fat is frequently 
confused with its effect on serum cholesterol level. Vegetable 
fats contain no cholesterol. Animal fats may contain a small 
quantity of cholesterol. The only major source of cholesterol 
in the Indian diet is egg (Table 7.4.1). On the other hand, the 
impact of dietary triglycerides on serum cholesterol depends 
on the degree of saturation. Thus hydrogenated vegetable oils, 
although a zero cholesterol food, may raise serum cholesterol 
because they are saturated.
 Another group of fats present in the food in small quantities 
are the phospholipids such as lecithin. Phospholipids are rela-
tively soluble in water, and serve to keep fats emulsifi ed.

Medium Chain Triglycerides

Triglycerides which contain fatty acids with chain lengths of 
8 to 12 carbons are known as medium chain triglyce rides 
(MCT). Although most of the fat in the diet is normally in 
the form of long chain triglycerides, a few fats such as coco-
nut oil and palm oil have appreciable quantities of MCT. The 
importance of MCT lies in that their digestion is not criti-
cally dependent on pancreatic lipase. They can be absorbed 
intact, digested by intracellular lipase within the entero-
cytes, and absorbed directly into the portal blood (unlike 
long chain triglycerides which are absorbed into lymphatics). 
Hence MCT are a suitable form in which dietary fat may be 
supplied to patients with lipase defi ciency.
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SOURCES
Triglycerides, which are the predominant form of dietary fat, 
may be obtained from vegetable or animal sources. Although 
fats from either source yield 9 kcal/g there are important differ-
ences between them. Vegetable fats are generally unsaturated 
while animal fats are generally saturated. Important excep-
tions are coconut oil, palm oil and hydrogenated vegetable oil 
which are saturated, and fi sh oils which are unsaturated. Some 
further details of physiological signifi cance are that vegetable 
oils obtained from oil seeds and other seeds such as corn or 
rice provide n-6 PUFA while green leaves and fi sh oils have 
n-3 PUFA. Coconut oil has a signifi cant amount of saturated 
medium chain triglycerides. Palm oil is a reasonably balanced 
mixture of saturated and mono unsaturated fats. The important 
differences between satu rated and unsaturated fats have been 
given in Table 7.4.2. The physiological effects of different cat-
egories of unsaturated fats have been compared in Table 7.4.3. 
In view of the undesirable effects of excess of saturated as well 
as unsaturated fats, and the absence of complete information 
about the effects, it is desirable to avoid extremes. A moder-
ate intake of fat providing a mixture of saturated fat, monoun-
saturated fat, n-3 PUFA and n-6 PUFA seems to be the safest 
course for a healthy person.
 Cholesterol is a compound which belongs only to the 
animal kingdom. Therefore plant foods do not contain any cho-
lesterol. Among animal foods, egg and brain are specially rich 
sources of cholesterol. The cholesterol content of a few foods 
is given in Table 7.4.1. Egg is the only high cholesterol food 
consumed commonly on a regular basis in India. Since one egg 
contains about 250 mg cholesterol, and experts recommend 
that the daily choles terol intake should be less than 300 mg, we 
can have one egg per day and still stay within the permissible 
limit.

ESSENTIAL FATTY ACIDS
Essential fatty acids (EFA) are those fatty acids which serve 
important functions but cannot be synthesized in the body, and 
must therefore be supplied in the diet. Three unsaturated fatty 
acids, viz. linoleic acid (an n-6 PUFA with 2 double bonds), 

linolenic acid (an n-3 PUFA with 3 double bonds) and arachi-
donic acid (an n-6 PUFA with 4 double bonds) have tradition-
ally been considered EFA. But arachidonic acid can be derived 
from linoleic acid. Hence only linoleic acid and linolenic acid 
are truly EFA.

Functions of EFA
The important functions of EFA fall in two categories: as sup-
pliers of lipid components of cell membranes, and as precur-
sors of regulatory molecules.

Cell Membranes
Linoleic acid, linolenic acid, and their derivatives form com-
ponents of membranes which bind cells and organelles. There 
is a certain degree of fl exibility in the exact molecules used as 
membrane constituents. The fatty acid composition of mem-
branes is infl uenced by the type of fatty acids present in the 
diet. However, the physicochemical properties of membranes 
with different composition may not be the same. In case of 
brain and retina, an n-3 PUFA, docosahexaenoic acid (DHA) 
is a membrane component which has been studied exten-
sively. DHA can be derived from linolenic acid, or obtained 
from breast milk or fi sh oils. If DHA supply is defi cient, brain 
and retina incorporate an n-6 PUFA closely resembling DHA. 
But incorporating the sub stitute instead of DHA impairs retinal 
function and makes the brain more susceptible to damage by 
environ mental toxins and alcohol.

Regulatory Molecules
EFA are the precursors of regulatory molecules such as pros-
taglandins, thromboxanes and leucotrienes. But the exact type 
of molecules derived from linolenic acid are different from 
those derived from linoleic acid (Table 7.4.3). On balance, it 
appears preferable to have the type of molecules derived from 
linolenic acid (an n-3 PUFA).

Table 7.4.1: Cholesterol content of foods

 Food Cholesterol content (approximately)

 Meat, chicken, fi sh 100mg/100 g
 Liver, kidney 300 mg/100 g
 Brain > 2000 mg/100 g
 Egg, one 250 mg
 Egg yolk, one 250 mg
 Egg white, one 0 mg
 Milk, whole 40 mg/glass
 Ice cream 50 mg/small cup
 Butter 35 mg/tablespoonful
 Fish oils 500 mg/100 g
 Vegetable oils 0 mg/100 g
 Nuts and oil seeds  0 mg/100 g

From Bijlani RL. Nutrition: A Practical Approach. New Delhi: Jaypee, 
1992: 147.

Table 7.4.2: Saturated and unsaturated fats 
compared

Saturated fats Unsaturated fats

Source
Animal fats Most vegetable oils,
Coconut oil specially corn oil,
Palm oil* sesame oil and sunfl ower oil.
Hydrogenated oils Fish oils
Physical state
Solid at room temperature Liquid at room temperature
Stability
More stable, longer shelf life More prone to rancidity
 due to oxidation
Associated nutrients
Fat soluble vitamins Nil
Effect on serum cholesterol
Tend to raise serum Tend to lower serum total and
cholesterol; hence increase  LDL cholesterol; hence decrease
the risk of atherosclerosis the risk of atherosclerosis
Undesirable effects of excess
Rise in serum cholesterol Increase in vitamin E requirement.

* Palm oil also has monounsaturated fatty acids.
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Table 7.4.3: Different categories of unsaturated fats compared

 Monounsaturates n-3 PUFA n-6 PUFA
 (e.g. oleic acid) (e.g. linolenic acid) (e.g. linoleic acid)

Sources Olive oil Mustard oil, rapeseed oil, canola, Most vegetable oils, e.g. corn oil,
 Butter, ghee soyabean oil, beans, sesame oil, sunfl ower oil,
 Palm oil green leafy vegetables, groundnut oil, soyabean oil,
 Mustard oil fi sh and fi sh oil rice bran oil
 Canola  
Essentiality Not essential Essential Essential
Effects on No direct effect. Reduce total Reduce total, LDL and
serum cholesterol Reduce total and and LDL cholesterol. HDL cholesterol
 LDL cholesterol if No consistent effect on
 used as replacement HDL cholesterol.
 for saturated fat. 
 No effect on 
 HDL cholesterol.
Important metabolic Nil Prostaglandins (3-series) Prostaglandins (2-series)
products  Thromboxane (TXA3) Thromboxane (TXA2)
  Leucotrienes (5-series) Leucotrienes (4-series)
  Docosahexaenoic acid (DHA)
Physiological effects of  PGI3 inhibits PGI2 inhibits
metabolic products  platelet aggregation platelet aggregation
  TXA3 is a weak platelet  TXA2 is a strong platelet
  aggregator aggregator
  Leucotriene B5 is a weak inducer Leucotriene B4 is a strong inducer
  of infl ammation. of infl ammation.
  DHA is an important constituent Hence excess may
  of brain and retina promote atherogenesis in spite of
   lowering serum cholesterol
Dietary A good replacement A good replacement A good replacement 
recommendation for a substantial for a substantial part  for a substantial part
 part of saturated of saturated fat. of saturated fat.
 fat. A basic minimum intake A basic minimum intake
  essential. essential.
   Cannot replace
   n-3 PUFA.

 Thus from the point of view of membrane structure as well 
as regulatory molecules, it appears preferable to use linolenic 
acid instead of linoleic acid. In any case, it is better to tip the 
balance in favour of linolenic acid when a mixture is being 
consumed. This point has become important now because in 
traditional diets, the ratio of n-6 to n-3 PUFA was around 1 : 
1. But with the popula rization of vegetable oils during the last 
few decades, a ratio of 25: 1 is not uncommon. Since no human 
population has tried such lopsided diets long enough, it is con-
sidered prudent to restore the balance.

Defi ciency
Defi ciency of EFA on any reasonably normal diet is virtu-
ally unknown. EFA deficiency may be induced in experi-
mental animals with the help of a specially formulated diet. 
Clinically, EFA defi ciency may occur in infants fed on a fat-
free formula, or in patients on total paren teral nutrition if 
EFA are omitted from their nutrition. EFA defi ciency does not 
occur even if all visible fat is omitted from the diet. The small 
quantity of fat present in cereals, pulses and leafy vegetables 
(invisible fat) is suffi cient to supply the minimum requirement 
of EFA.

Requirements
The minimum EFA requirement has been estimated to be 7.5 
g for adults and 0.5 to 1% of the energy intake for infants. 
Recently ICMR has recommended an n-6 to n-3 PUFA ratio of 
5:1 to 10:1.

THE LIPID-CORONARY CONNECTION
Atherosclerosis is a fairly common disease of the elderly. It is 
an arterial disease with a multifactorial etiology, and is char-
acterized by deposits of fatty material in the intimal layer. 
Although atherosclerosis is a generalized disorder, its impact 
is felt maximally in organs which (a) have end arteries (i.e. no 
anastomoses), and (b) are vital for survival. Coronary arteries 
are essentially end arteries, and heart is a vital organ. Hence the 
impact of atherosclerosis is felt acutely in the heart. The fact 
that atherosclerotic deposits are lipoid suggested that excess 
of lipids in the diet might lead to these deposits. There does 
seem to be a connection, but in spite of decades of intensive 
research, the connection is still far from clear.
 Although the impact of atherosclerosis is felt relatively late 
in life, the precursors of the lesion are fatty streaks in arteries 
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which appear in childhood in genetically susceptible individu-
als. Therefore it has been suggested that for maximum benefi t 
sound nutrition should be started early, and followed life-long.

Biochemistry of Atherosclerosis
Since cholesterol esters are a major component of athero-
sclerotic deposits, it was natural to examine the blood choles-
terol levels of susceptible individuals. Extensive population 
studies have established that blood choles terol levels are a 
rough index of susceptibility to athero sclerosis and ischemic 
heart disease. The predictive value is further increased if 
instead of total cholesterol level we consider the levels of 
low density lipoprotein cholesterol (LDL-C) and high den-
sity lipoprotein cholesterol (HDL-C). High LDL-C levels and 
low HDL-C levels indicate a high degree of susceptibility to 
ischaemic heart disease (Table 7.4.4). It is considered desirable 
to have a total plasma cholesterol level below 230 mg/dL and 
the LDL-C level below 130 mg/dL.
 The basis of these biochemical indices can be under stood 
if atherosclerosis is considered as a disorder of cholesterol bal-
ance. Cholesterol is a normal constituent of the body with vital 
functions. It is a constituent of cell membranes, and the precur-
sor of steroid hormones and bile salts. The body has mecha-
nisms for synthesizing cholesterol from acetate. The liver can 
synthesize as much as 2 g cholesterol per day, which is many 
times the amount ordinarily present in the diet. The synthesis of 
cholesterol is regulated by requirements, the key enzyme being 
hydroxymethylglutaryl coenzyme A reductase (HMG CoA 
reductase). Higher the intake of dietary cholesterol, lower the 
synthesis in the body. However, the mechanism can be over-
whelmed by very high levels of dietary cholesterol. Hence very 
high choles terol intakes do raise blood levels of cholesterol, 
thereby suggesting that limiting cholesterol intake may help 
prevent atherosclerosis. Besides dietary cholesterol itself, the 
other dietary variable affecting serum choles terol is the degree 
of saturation of dietary fat as discussed already.
 The next important question is regarding the bio chemical 
link between blood levels of cholesterol, LDL-C and HDL-C, 
and atherosclerosis. To understand this link, atherosclerosis 
may again be considered a disorder of cholesterol balance at 
cellular level. In atherosclerosis, the amount of cholesterol 
entering the cells in the arterial wall exceeds that metabolised 
or expelled by them.
 There are at least three ways in which circulating lipo-
proteins can enter the arterial wall: ultrafi ltration, LDL recep-
tor pathway, and uptake of modifi ed LDL by ‘scavenger recep-
tors’. Ultrafiltration is not a significant mechanism in this 
cause. The LDL receptor pathway discovered by Brown and 
Goldstein, for which they also received the Nobel Prize, has 
attracted considerable attention. In this scheme, LDL binds to 
receptors on the cell surface, is internalized and decomposed. 
The LDL-derived cholesterol inhibits de novo cholesterol 
synthesis and also reduces LDL receptor synthesis, thereby 
maintaining a check on cholesterol accumulation in the cell. 
It was believed that a disturbance of these regulatory mecha-
nisms may be responsible for accumulation of cholesterol in 
arterial cells. But now we know that LDL receptor pathway 
is a major mechanism in the liver but not in the arterial wall. 

A reduced number of LDL receptors may be responsible for 
some varieties of familial hyperlipoproteinaemia but may not 
explain the pathogenesis of atherosclerosis. The mechanism 
currently thought to be responsible for the link between LDL 
and atherosclerosis is the uptake of modifi ed LDL by ‘scav-
enger receptors’. LDL can be oxidatively modi fi ed by arterial 
endothelial cells, smooth muscle cells as well as macrophages. 
The modifi cation has two aspects. First, there is peroxida-
tion of the poly un saturated fatty acid components in the lipid 
moiety of LDL, leading to generation of free radicals which are 
potentially cytotoxic. Secondly, there is a change in the protein 
moiety of LDL leading to recognition by ‘scavenger receptors’ 
but loss of recognition by Brown and Goldstein’s LDL recep-
tors. The modifi ed LDL binds to ‘scavenger receptors’ present 
on the surface of macrophages. The free radicals asso ciated 
with modifi  cation of LDL may be responsible for damaging the 
macrophages leading to the formation of foam cells. In addi-
tion, modifi ed LDL also acts as a chemo attractant for mono-
cytes. This might be responsible for adhesion of monocytes to 

Short Chain Fatty Acids

Short chain fatty acids (SCFA) have chains 2 to 6 car-
bons long. They are not present in the diet in appreciable 
amounts. But SCFA, also known as volatile fatty acids (VFA), 
are formed in the colon by bacterial fermentation of undi-
gested and indigestible nutrients, specially carbohydrate. 
The principal SCFA so formed are acetate, propionate 
and butyrate. Part of the SCFA are utilised by the bacte-
ria, and part by the human host. Acetate is absorbed into 
the portal circulation, forms acetyl CoA and joins the acetyl 
CoA pool of the body for further metabolism. Propionate 
is also absorbed into the portal circulation, but a substantial 
part is trapped in the liver where it either undergoes fur-
ther breakdown, or forms a substrate for gluconeogenesis. 
Gluconeogenesis from propionate, although not substantial 
in scale, is signifi cant in that it is an exception to the general 
rule that the body cannot convert fats into carbohydrate. 
Although propionate might have resulted from fermentation 
of carbohydrate, it is now a lipid. In the liver, propionate 
can undergo gluconeogenesis to form glucose. Butyrate is 
not absorbed much into the circulation. Instead it is trapped 
and metabolised by the colonocytes, and seems to play an 
important role in regulating their cell cycle.

Table 7.4.4: Normal limits of blood cholesterol

 Normal limit

 m mol/L mg/dl

Plasma cholesterol < 7.8 < 300
Serum VLDL-C < 0.65 < 25
Serum LDL-C < 4.4 < 170
Serum HDL-C > 0.9 > 35

Based on Weatherall DJ, Ledingham JGG, Warrell DA, Eds. Oxford 
Textbook of Medicine. Oxford : Oxford University Press, 2nd 
Edition, 1987 : 29.7.
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endothelial cells. Thus the chemotactic effect of modifi ed LDL 
may be a fundamental event in the genesis of fatty streaks. In 
short, a basic step in pathogenesis of atherosclerosis seems to 
be the uptake of oxidatively modifi ed LDL by arterial macro-
phages leading to cholesterol accumulation and free radical 
damage (Fig. 7.4.1).

Dietary Recommendations for
Coronary Heart Disease
Since lipoprotein profi le is an objective, easily measu rable var-
iable, a diet suitable for coronary heart disease and other forms 
of atherosclerotic disease is one which improves the lipopro-
tein profi le. Current dietary recom mendations for prevention 
and treatment of coronary heart disease are as follows:
1. The total dietary fat should provide less than 30% of the 

energy intake.
2. Saturated fats should provide less than 10% of the energy 

intake and so should polyunsaturated fats. The intake of 
monounsaturated fats should be increased. In the Indian 
context it means restricting ghee, butter and hydrogenated 
oils, and replacing these by appropriate vegetable oils and 
fi sh oils.

3. Cholesterol intake should be less than 300 mg per day. Since 
one egg contains about 250 mg per day, and the Indian diet 

Fig. 7.4.1: The oxidative modifi cation of LDL as a mechanism for the 
LDL-atherosclerosis linkage.

has no other signifi cant source of choles terol, taking one 
egg per day may still leave cholesterol intake in the permis-
sible range.

4. Sodium intake should be less than 3 g per day.
5. Alcohol intake should be less than 60 ml ethanol per day.
6. It is considered generally desirable to replace refi ned foods 

by high-fi bre unrefi ned foods.
7. Energy intake should be reduced, if necessary, to maintain 

normal body weight.
 The above recommendations would benefi t not only athero -
sclerosis but also diabetes, which are both disorders associated 
with overeating. However, both athero sclerosis and diabetes 
are multifactorial diseases, and diet is only one of the factors 
which can contribute to their causation or prevention.

QUESTION AND PROBLEM
1. How does saturation of dietary fat affect lipoprotein 

metabolism?

ANSWER AND SOLUTION
1. As a general rule, saturated fats raise serum cholesterol, 

monounsaturated fats have no effect on serum cholesterol, 
and polyunsaturated fats lower serum cholesterol.

 Saturated fats raise primarily LDL cholesterol by reducing 
LDL receptor mediated uptake. Thus the fractional clear-
ance of LDL cholesterol is reduced, raising its serum level.

 Although monounsaturated fats have no known direct effect 
on serum cholesterol, if monounsaturated fats replace part 
of the saturated fat in the diet, the LDL cholesterol raising 
effect of saturated fats is reduced, and thereby LDL choles-
terol is lowered.

 Polyunsaturated fats lower total and serum LDL cholesterol 
through mechanisms which are not completely understood. 
Some of the possible mechanisms are:

 i. suppression of hepatic fatty acid and triglyceride syn-
thesis, thereby reducing VLDL secretion by the liver. 
Since LDL is derived from VLDL, lower VLDL secre-
tion may reduce also LDL levels.

 ii. inhibition of apolipoprotein B synthesis. Apolipoprotein 
B is a part of the LDL molecule. Reduction in its synthe-
sis may reduce LDL levels.

 In terms of their effect on serum cholesterol fractions, and 
their other effects which can affect atherogenesis, n-3 PUFA 
differ from n-6 PUFA (Table 7.4.3).
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7.5
Proteins

Proteins are one of the three macronutrients which can yield 
energy in the body. Although proteins can yield 4 kcal/g, they 
are preferentially utilized for other more specifi c purposes 
which cannot be served by any other nutrient. This gives pro-
teins a somewhat special status among nutrients; hence the 
name protein (proteios, fi rst). Proteins are specially important 
for building up new living matter. Therefore their requirement 
is relatively higher in growing children, during pregnancy and 
lactation, and during convalescence. However, obsession with 
protein has been responsible for many faulty concepts and lop-
sided nutrition interventions. In this chapter, we shall try to 
arrive at a balanced approach to the place of proteins in diet.

CHEMISTRY
Proteins are large molecules, their basic units being alpha-
amino acids. The amino acids are joined to each other through 
-CONH- linkages. There are 20 different amino acids present 
in animal proteins, and a given protein may have some or all 
of these. Each protein mole cule may have thousands of amino 
acid molecules, and there are apparently no rules restricting 
the sequence in which they may be present. If just 26 letters 
of the alphabet, in spite of limitations of the number of letters 
per word and rules restricting their sequence, can make thou-
sands of words, it is easy to imagine that the variety of proteins 
possible is truly astronomical. The large variety makes it pos-
sible for proteins to play highly speci fi c roles as enzymes, anti-
gens, antibodies, hormones and receptors. The proteins of each 
individual of a species are somewhat different; the proteins of 
individuals belon ging to different species are more different; 
the proteins of plants and animals are still more different from 
each other in their amino acid profi le. It is not an exaggeration 
to say that the way a cell looks, and the way it behaves depends 
on the proteins which it synthe sizes.

ESSENTIAL AMINO ACIDS
Of the 20 amino acids, 11 can be synthesized in the body 
from non-protein sources, if necessary. But 9 amino acids 
cannot be synthesized by the human body. These nine amino 
acids are called essential amino acids. Essential amino acids 
must be supplied by the diet in quantities commensurate with 

their requirements for satisfactory nutrition. This is necessary 
because the structure of each protein is coded with great preci-
sion in the genetic material of the organism. While this preci-
sion guarantees precise construction of protein molecules, it 
also means that all the amino acids required for a particular 
protein should be available in adequate quantity. If even a 
single amino acid is defi cient, the amino acid chain on the ribo-
somes will be constructed only till the point where the defi -
cient amino acid is required. The chain cannot conti nue further 
till the defi cient amino acid is provided. Therefore all of the 
twenty amino acids should be available in approximately the 
same proportion in which they are required for protein synthe-
sis. While the defi cit of nonessential amino acids can be made 
up by endo genous synthesis, essential amino acids must be 
available from dietary protein.

PROTEIN QUALITY
From the above discussion it is clear that dietary protein should 
provide essential amino acids in the proportion in which they 
are required for protein synthesis. A pro tein which does so is 
called a good quality protein. Naturally, the more a dietary 
protein resembles human proteins in its amino acid profi le, the 
better will be its qua lity. Since human proteins are more similar 
to animal proteins than to plant proteins, animal proteins have 
a better quality than plant proteins.

Determination of Protein Quality
Protein quality may be determined by one of the following 
methods.

1. Nitrogen Balance
This method is based on the principle that in a person on an 
adequate energy intake the manner of utilization of dietary pro-
tein depends upon the amino acid profi le of the protein. The 
fi rst preference of the body is to use the available amino acids 
for protein synthesis. There fore, if the amino acids available 
from the dietary protein are those which are required for pro-
tein synthesis, they are unlikely to be used for obtaining energy. 
On the other hand, if the proportion of various amino acids 
made available to the body after digestion of dietary protein 
is very different from that required for protein synthesis, all 
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redundant amino acids will be degraded to urea and the body 
would obtain some energy in the bargain. Therefore the dif-
ference between the protein intake and the amount of protein 
represented by urea excretion gives us an idea of the amount of 
dietary protein retained by the body for protein synthesis. The 
higher the quantity of dietary protein retained, the better is its 
quality.
 The results are generally expressed as biological value 
(BV) or net protein utilization (NPU), which are calculated as 
follows:

 BV = 
Nitrogen retained
Nitrogen absorbed  × 100

 NPU takes into account also the differences in digestibility 
of different proteins.
 NPU = BV × digestibility

 = 
Nitrogen retained
Nitrogen absorbed  × 

Nitrogen absorbed
Nitrogen intake

 × 100

 = 
Nitrogen retained
Nitrogen intake  × 100

 In these equations, nitrogen is used instead of protein 
because it occurs in proteins as well as their metabolites, and 
is relatively easy to measure. Further, nitrogen forms a reason-
ably constant fraction of a protein, the two being related by the 
formula.

Protein = 6.25 × Nitrogen

2. Protein Effi ciency Ratio
This method is based on the principle that a good quality pro-
tein will support better the growth of young animals. In prac-
tice, young animals, usually rats, are put on a diet which pro-
vides 10% of the caloric intake in the form of the test protein. 
A control group of rats is provided the same amount of protein 
calories in the form of a reference protein, usually casein. The 
rate of weight gain of the two groups of animals is compared. 
Since the refe rence protein is a very good protein, the closer 
the test protein comes to it the better it is.
 It is customary to standardize PER so that PER of casein 
is 2.5.
 Thus corrected PER

Gain in body weight per g test protein consumed
Gain in body weight per g casein consumed

 × 2.5

3. Chemical Score
The amino acid profi le of the test protein, which is likely to be 
readily available from published sources, is compa red with the 
amino acid profi le of a reference protein. The reference protein 
for calculating chemical score is either egg protein or a hypo-
thetical protein with an ideal amino acid profi le. The essential 
amino acid which is most defi cient in the test protein in relation 
to the reference protein is called the limiting amino acid. Then 
the chemical score is calculated from the formula:

= 
Concentration of the limiting amino acid in test protein

Concentration of the limiting amino acid in the reference protein  × 100

 There is a close resemblance in protein quality deter mined 
by the above three methods.

SOURCES
Protein, in the quantity required, is readily available in plant 
as well as animal foods. Protein of plant origin, commonly 
called vegetable protein, is obtained mainly from cereals and 
pulses. Dietary sources of animal protein include milk and 
milk products, egg, and fi sh and other fl esh foods. As men-
tioned earlier, animal proteins are, in general, of a better qual-
ity than vegetable proteins. Among the commonly consumed 
vegetable pro teins, cereals are generally defi cient in lysine 
while pulses are generally defi cient in methionine. If cereals 
and pulses are combined, the lysine defi ciency of cereals is 
made up by pulses, and the methionine defi ciency of pulses is 
made up by cereals. Hence a combination of cereals and pulses 
can provide a reasonably balanced combination of all essential 
amino acids required by the human body. That is the reason 
why even those vege tarians who do not take much of milk 
and milk products can obtain reasonably good quality protein 
from vegetable sources. This fact seems to have been discov-
ered by trial and error by many ancient civili sations. Cereal 
and pulse combinations are the staple diet almost throughout 
India. Rice and soyabean are the staple diet in China, while 
corn and beans are the staple diet in Latin American couin-
tries. This fact has been rediscovered through the experimen-
tal method by present day scientists. Studies performed at the 
National Institute of Nutrition have clearly shown that the 
growth rates of animals brought up on a combination of cereals 
and pulses are comparable to those of animals brought up on 
animal proteins.

PROTEIN REQUIREMENTS
Protein is a unique nutrient in that its quantitative require ment 
depends partly on the quality of dietary protein. As quality 
deteriorates, the quantity required to meet nutritional needs 
increases. The reasons for the impor tance of protein quality 
reside in the uses to which proteins are put in the body, and the 
structure of the protein molecule. In the body, proteins form 
structural elements such as cell membranes and collagen fi bres, 
or function as enzymes, hormones and antibodies. These are all 
specifi c functions which only a specifi c protein can perform. 
They are unlike the function of providing energy which can be 
performed by a wide variety of carbohydrates, fats or proteins 
almost equally well. Hence for proteins to be useful, specifi c 
proteins must be synthesized in the body. Specifi c proteins 
have a rigidly prescribed amino acid sequence, which can be 
satisfi ed by a relatively small quantity of good quality proteins. 
If the quality is poor, a large intake is necessary to provide the 
essential amino acids in the required quantity and ratio. The 
large intake may also leave behind a large amount of redundant 
amino acids which may be used as fuel. Taking the day to day 
variations in dietary protein quality into account, and providing 
a reasonable margin of safety, it has been recommended that 
adults should take about 1 g/kg body weight protein per day. 
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This protein may come from a judicious mixture of vegetable 
proteins, or from animal proteins, or a mixture of vege table 
and animal proteins. The recom mended intake of 1 g/kg body 
weight means that a 60 kg person should take 60 g protein per 
day. 60 g protein has an energy value of 240 kcal, which is 
about 10% of the daily energy intake. Cereals have about 10% 
protein, and pulses have about 20% protein. Hence a mixture of 
cereals and pulses is not only satisfactory in quality, it can also 

meet the quanti tative protein requirement. Children need more 
protein per unit body weight, but they also need more energy 
per unit body weight. Therefore a cereal-pulse mixture can 
meet the protein requirement of children as well. Fortunately 
cereals and pulses are readily available and widely acceptable 
items of the diet. These common foods can meet the protein 
requirement of children as well as adults, and there is no need 
for any exotic supplements.
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7.6
Vitamins

Vitamins and minerals are needed in very small amounts, and 
are therefore called micronutrients. But the small requirement 
does not mean they are unimportant. They have extensive 
involvement in metabolic reactions as cofactors and coen-
zymes. Most of the vitamins cannot be synthesized in the body, 
and must therefore be provi ded in the diet. Vitamins are classi-
fi ed into fat soluble (vitamins A, D, E and K), and water solu-
ble (vitamin B complex and vitamin C). In this chapter, each 
vitamin has been discussed very briefl y. For more details, a 
textbook of biochemistry or nutrition may be consulted.

VITAMIN A
Vitamin A comprises a group of compounds closely related to 
retinol, collectively called retinoids. In food, vitamin A may be 
present as retinoid compounds or as the precursors of vitamin 
A, the carotenoid pigments. Carotenoids are all closely related 
to beta-carotene. Beta-carotene is transported intact into the 
enterocytes. In entero cytes, some of it is split: each molecule of 
beta-caro tene yields two molecules of vitamin A. The remain-
ing part of beta-carotene is absorbed intact from the entero-
cytes into the bloodstream. It is quite possible that beta caro-
tene may have some functions independent of retinol. Retinol 
can be stored in the body in the liver, and carotene in the adi-
pose tissue. The stores can be mobilised in times of need.

Sources
The important sources of vitamin A are liver, egg yolk, butter, 
and fortifi ed hydrogenated oils or margarine. Carotenoid pre-
cursors of vitamin A are found in green and yellow vegetables. 
Carrots are an exceptionally rich source of carotene; in fact that 
is the basis of the name carotene (carota, carrot).

Functions
The best understood function of vitamin A is its role in vision. 
In the eye, it forms a component of the rod pig ment, rhodopsin. 
Rhodopsin functions by getting decom posed into retinalde-
hyde and opsin by light. The reaction is reversed in darkness. 
Repeated decom position and synthesis results in loss of some 
vitamin A which has to be replaced from the bloodstream. 
Vitamin A is a compo nent of the cone pigments also.

 Other functions of vitamin A include maintenance of the 
integrity of epithelial tissues, growth, bone remodel ling and 
reproduction.
 The role of vitamin A in differentiation of epithelial cells 
has drawn considerable attention. In vitamin A defi  ciency, 
many mucus-secreting cells are replaced by keratinized cells. 
In vitamin A defi cient cells in cultures, kerati  nizing cells can be 
converted into mucus-produ cing cells by addition of vitamin 
A to the culture medium. Vitamin A also induces the transfor-
mation of some malignant cells in culture into epithelial cells. 
The mechanism by which vitamin A infl uences differentiation 
is not certain but considerable experimental evidence exists for 
two hypotheses, which are not mutually exclu sive. According 
to one hypothesis, vitamin A affects the transcription of certain 
cellular proteins. According to the other hypothesis, vitamin A 
alters the cell surface glycoproteins in a wide variety of cells.

Requirements
The ICMR recommended dietary allowance of vitamin A for 
adults is 600 micrograms of retinol per day. If a part of the 
intake is in the form of betacarotene, the intake has to be cor-
respondingly increased because the bioavailability of beta-car-
otene is only about 25 percent. About 100 g of carrots or any 
of a large variety of green leafy vegetables can meet the daily 
requirement of vitamin A. It is not essential to meet the daily 
require ment on a daily basis because the liver can store about 
50 days’ supply of vitamin A. If excess of vitamin A is con-
sumed during the season when carrots and green vegetables are 
readily available, it can be stored in the liver and used when the 
supply is defi cient. Therefore, it is really a pity that vitamin A 
defi ciency is one of the most common nutritional defi ciencies 
in India.

Defi ciency
One of the earliest manifestations of vitamin A defi ciency is 
prolongation of the time taken by the eye for dark adaptation. 
Aggravation of this handicap leads to the symp tom of night 
blindness. In more serious and prolonged defi ciency there are 
visible lesions in the eyes, such as Bitot spots, xerophthalmia, 
keratinization of the cornea, and sometimes corneal ulceration. 
The ulcer may heal with fi brosis leading to corneal opacity 
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which may result in partial or total loss of vision. Vitamin 
A defi ciency is a common preventable cause of blindness in 
India.
 Derangement of epithelial tissues in vitamin A defi ciency 
may lead to frequent respiratory tract infections and diarrhoea, 
and dry skin lesions.

VITAMIN D
Vitamin D is a collective term for a group of related substances, 
two of which are particularly important. One of them is ercal-
ciol (ergocalciferol, vitamin D2), which we get from vegeta-
ble sources. The other is calciol (cholecalciferol, vitamin D3), 
which we get from animal sources. 7-dehydrocholesterol in 
the skin, when irradia ted with short ultraviolet rays of the sun, 
yields calciol. 7-dehydrocholesterol is a normal constituent of 
the skin. That is why even persons who do not take enough 
vitamin D in diet do not get defi cient in the vitamin if they 
receive some exposure to sunlight regularly.

Sources
In the diet, vitamin D may be obtained from liver, eggs, milk, 
butter, fi sh liver oils and fortifi ed hydrogenated oils. But in 
tropical countries like ours there is one more easy way to get 
vitamin D: through irradiation of 7-dehydrocholesterol in the 
skin by sunlight. In fair-skinned individuals it has been esti-
mated that a 15-minute exposure of hands and face to the 
summer sun can yield enough vitamin D to satisfy one day’s 
require ment of the vitamin. Ultraviolet rays cannot penetrate 
clouds, window glass, clothing or skin pig ment. In spite of 
these barriers, even dark-skinned persons can manufacture 
substantial amounts of vitamin D if a reasonable part of the 
body is exposed to sunlight for a few hours every day. That is 
why vitamin D is also known as sunshine vitamin.

Functions
After intestinal absorption, cholecalciferol is converted into 
25-hydroxycholecalciferol in the liver. The chole calciferol 
that is synthesized in the skin by irradiation is also trans-
ported to the liver for the conversion. 25-hydroxycholecalcif-
erol is transported in the bloodstream to the kidneys where 
it is further converted into 1, 25-dihydroxy cholecalciferol 
(1,25-(OH)2D3).1,25-(OH)2D3 is the active form of vitamin D. 
The active form of vitamin D has a profound infl uence on cal-
cium and phosphorus metabolism. The infl uence is mediated 
mainly through actions on the intestine, bone, and kidneys.
 In the intestine, vitamin D stimulates the synthesis of cal-
cium and phosphorus binding proteins. These two proteins 
enhance the intestinal absorption of calcium and phosphorus 
respectively.
 In the kidneys, vitamin D stimulates the reabsorption of 
calcium and phosphorus, thereby reducing their urinary loss 
and increasing their blood level.
 In the bone, vitamin D promotes deposition of calcium. 
Bone mineralization is achieved by elevating the plasma cal-
cium level. While on one hand vitamin D promotes deposition 
of calcium in bones, it also stimulates mobilization of calcium 
from bone fl uids. This may be a mecha nism for regulating 

plasma calcium level, or to allow modelling and remodel-
ling of bones. Bone model ling and remodelling are important 
to shape the bones in accordance with the stress imposed on 
them.
 The overall result of the actions of vitamin D is to prevent 
hypocalcaemia, and to achieve adequate calcium and phospho-
rus deposition in the bones while at the same time allowing 
their modelling and remodelling.

Requirements
A person needs about 400 International Units (IU) of vitamin 
D per day irrespective of age. One IU is equal to 0.025 micro-
grams of cholecalciferol.

Defi ciency
Vitamin D defi ciency manifests as rickets in children. The 
bones are poorly calcifi ed. Therefore the bones are too weak to 
bear the weight of the body. Hence the child develops bowing 
of legs. The ribs are also deformed. Characteristically, there is 
a swelling at costochondral junctions. These regularly spaced 
swellings on the chest look like beads of a mala (or rosary); the 
appearance has been described as rachitic rosary.
 In adults vitamin D defi ciency is rarer than in children. 
When it does occur, it manifests as poorly calcifi ed bones 
which fracture with even mild trauma. The condition is known 
as osteomalacia (osteon, bone; malakia, softness).

VITAMIN E
Vitamin E is a group of substances known as tocophe-
rols. The most biologically active member of the group is 
d-alpha-tocopherol.

Sources
The major natural sources of vitamin E are the vegetable oils. 
The vitamin E content of vegetable oils varies a lot from one 
oil to another. In general, the vitamin E content of an oil is 
directly related to its polyunsaturated fatty acid (PUFA) con-
tent. This is remarkable because our requirement of vitamin E 
also increases with our dietary intake of PUFA.

Functions
The main role of vitamin E in the body is as an anti oxidant. 
Free radicals which can be quenched (neutra lized) by antioxi-
dants are formed during metabolic reactions and also enter the 
body from the environment (e.g. ozone and nitrogen dioxide). 
Gradual accumulation of free radical damage is thought to be 
one of the contributors to the process of aging. Besides quench-
ing free radicals, antioxidants are also required for preven ting 
the oxidation of PUFA in cell membranes. The compo sition of 
cellular and subcellular membranes seems to be somewhat fl ex-
ible. Higher the PUFA content of the diet, more is the amount 
of PUFA incorporated in the membranes. Therefore our vita-
min E requirement varies with our PUFA intake. Antioxidants 
such as vitamin E protect these membranes against oxidative 
damage. The membranes most susceptible to oxidation damage 
are those of the red blood cells. Damage to red cell mem branes 
by oxidation results in haemolysis.
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 The antioxidant role of vitamin E overlaps at least partly 
with the similar role of other antioxidants in the body such as 
glutathione peroxidase.
 The presence of vitamin E in vegetable oils also protects the 
PUFA in these oils against atmospheric oxidation. Oxidation of 
PUFA in the oils is responsible for their rancidity.

Requirements
It is considered advisable to take about 10 mg vitamin E per 
day. This allowance is based on a moderate PUFA intake. 
However, if the PUFA intake increases, the vitamin E intake 
also increases simultaneously because the content of the two is 
related in vegetable oils. Therefore a conscious intake of about 
10 mg vitamin E per day takes care of our needs irrespective of 
the PUFA intake.

Defi ciency
In experimental animals, vitamin E defi cient diets lead to steril-
ity in males, resorption of the foetus, and muscular dystrophy. 
In human beings, vitamin E defi  ciency is extremely rare. This 
is why it was once thought that human beings may not need 
vitamin E. But now it is generally agreed that human beings 
also need vitamin E. Rarity of defi ciency is because the vita-
min is readily available in the quantities required through any 
ordinary diet. In human beings, defi ciency may be seen in pre-
mature infants and in adults having intestinal malabsorption. 
The major manifestation of vitamin E defi ciency in human 
beings is haemolytic anaemia.

VITAMIN K
Vitamin K is a group of chemicals collectively called quinones. 
The most important members of the group are phylloquinone, 
found in plants, and menaquinone, synthesized by bacteria and 
found in animal tissues.

Sources
Most of us get our supply of vitamin K from green leafy veg-
etables and from bacterial synthesis in the large intestine. Since 
absorption from the large intestine is poor, we are able to use 
only a part of the vitamin K that is synthesized. But still the 
diet and bacterial synthesis are ordinarily quite suffi cient for 
our vitamin K requirements. Vitamin K defi ciency occurs only 
if a person has malabsorption, or is on antibiotics (why ?), or is 
taking a vitamin K antagonist such as dicumarol.

Functions
Vitamin K is required for the synthesis of prothrombin and 
coagulation factors VII, IX and X in the liver. In case of pro-
thrombin, vitamin K catalyses the conversion of a glutamic 
acid residue in the prothrombin precursor into gamma-car-
boxy-glutamic acid.

Requirements
Human vitamin K requirement has been estimated to be 0.4 
microgram/kg body weight/day. However, half of this require-
ment can perhaps be met by intestinal bacterial synthesis, and 

only half needs to be supplied in the diet. An intake of 30 
micrograms/day would prevent defi ciency in all healthy adults.

Defi ciency
Vitamin K defi ciency is rarely due to poor intake. It is gener-
ally due to malabsorption, vitamin K antagonists or antibiotics. 
Liver disease may give rise to a similar picture. The manifesta-
tions are bleeding tendency, prolonged prothrombin time, and 
low serum prothrom bin level.

THIAMINE
Thiamine is popularly known as vitamin B1. As the name sug-
gests, it is a sulphur (thio) and nitrogen (amine) containing 
compound.

Sources
The most important sources of thiamine in the Indian diet are 
cereals and pulses. More than 90% of the thiamine in grains 
resides in the husk and germ, which are both removed during 
milling. That is why the poor man’s diet consisting almost 
exclusively of polished rice has been associated with thiamine 
defi ciency. Repeated washing of rice, soaking of legumes for a 
long time in water which is discarded, and use of baking soda to 
hasten the cooking of legumes, are all practices which enhance 
the loss of thiamine from the diet. Besides whole grains, other 
sources of thiamine in the diet include vegetables, milk and 
milk products, and various fl esh foods, specially pork.

Functions
The active forms of thiamine are thiamine pyrophos phate 
(TPP) and thiamine diphosphate (TDP) which are both coen-
zymes in carbohydrate metabolism. TPP is too large a molecule 
to pass through the enterocyte membrane intact. It is split in 
the intestine, and then resynthesized by body cells as and when 
required.

Requirements
Since the main role of thiamine is in carbohydrate metabo-
lism, the requirement depends on the energy intake, which in 
turn should be guided by the energy requirements. An intake 
of 0.5 mg thiamine per 1000 kcal energy intake is ordinarily 
quite satisfactory. While in alcoholics the intake of thiamine 
may be poor due to malnutrition, the requirement is actually 
increased because thiamine is involved in the metabolism of 
acetaldehyde, an intermediate compound in alcohol metabo-
lism. Thiamine requirement may also be increased in heavy tea 
drinkers because of the presence of a heat-stable thiaminase in 
tea.

Defi ciency
Mild defi ciency may give rise to vague symptoms such as ano-
rexia, depression, mental confusion and instability of mood. 
Severe defi ciency gives rise to beriberi, which may take two 
forms. In wet beriberi, damage to the heart muscle leads to 
edema and eventually heart failure and death. In dry beriberi, 
there is loss of body tissue resulting in emaciation. In both wet 
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and dry beriberi, there is numbness of limbs due to peripheral 
poly neuritis, and mental confusion or irritability, probably due 
to the involvement of the central nervous system.

RIBOFLAVIN
Ribofl avin is popularly known as vitamin B2. It is a compound 
with an intensely yellow colour.

Sources
Whole cereals are a good source of ribofl avin. However, refi n-
ing of cereals results in loss of upto 60% of their ribofl avin 
content. Milk and milk products, and fl esh foods are also good 
sources of ribofl avin.

Functions
Ribofl avin is a component of the two coenzymes, fl avin mono-
nucleotide (FMN) and flavin adenine dinucleotide (FAD). 
FMN and FAD occur in cells in combination with proteins 
known as fl avoproteins. FMN and FAD act as hydrogen or 
proton acceptors in biological oxidation reactions in mito-
chondria. Ribofl avin is also involved in the conversion of tryp-
tophan into another B vitamin, niacin (see below). Ribofl avin 
is also required for conversion of another B vitamin, folic acid 
(see below) into its coenzyme form. Thus ribofl avin plays an 
indirect role also in the functions attributed to niacin and folic 
acid.

Requirements
Because of its involvement in energy metabolism, ribofl avin 
requirement is also related to energy intake. An allowance of 
0.6 mg/1000 kcal meets the require ments of all age groups 
satisfactorily.

Defi ciency
Clinical manifestations of ribofl avin defi ciency are centered 
around the mouth. There may be cracks at the corners of the 
mouth (angular stomatitis), lips may be infl amed (cheilosis) 
(cheilos, lip) and tongue may become smooth and purplish red 
(glossitis). These symptoms appear only after the defi ciency 
has been present for many months, and disappear promptly on 
adminis tration of ribofl avin.

NIACIN
Niacin is a group of compounds including nicotinic acid and 
nicotinamide, which all have similar biological activity. The 
names derive from the fact that the vitamin was fi rst obtained 
by oxidation of nicotine, and this form was called nicotinic 
acid.

Sources
Niacin is present in cereals but more than 90% of the vita-
min resides in the husk. Niacin may also be obtained from 
legumes and fl esh fl oods. Besides using preformed niacin, 
the body can also synthesize niacin from the amino acid tryp-
tophan (Fig. 7.6.1). Maize protein is very poor in tryptophan. 

That is why niacin defi ciency is common among populations 
subsisting almost exclu sively on maize (makki).
 It has been observed in India that populations subsisting 
almost exclusively on jowar (Sorghum vulgare) also develop 
niacin defi ciency. But jowar protein is not defi cient in tryp-
tophan. It was fi rst pointed out by Gopalan and Srikantia from 
the National Institute of Nutrition, Hyderabad, in 1960 that 
jowar protein has a particularly high leucine content which may 
be the factor responsible for the pellagragenic effect of jowar. 
It was also observed that isoleucine could correct the pella-
gragenic effect of leucine. It has been subsequently observed 
that leucine inhibits kynureninase compe titively, and also 
increases the diversion of amino carboxy muconic semialdehyde 
into the total oxidative pathway (Fig. 7.6.1). Both these actions 
of leucine reduce the conversion of tryptophan into niacin, 
and thereby predispose to pellagra. The leucine hypothesis is 
one of the most brilliant pieces of nutrition research to have 
originated from India. But the hypothesis is still highly con-
troversial because not all subsequent studies done elsewhere 
support it. One possible reason is that high dietary leucine has 
to be accompanied by a marked dietary defi ciency of both tryp-
tophan and niacin to precipitate pellagra. Many investigators 
have not ensured this in their experiments and have therefore 
failed to reproduce the Indian fi ndings. In human populations 
subsisting on jowar, the combination of high leucine intake and 
low intake of tryptophan and niacin does exist, and is possibly 
responsible for the high incidence of pellagra.
 Conversion of tryptophan into niacin needs at least three 
other vitamins—thiamine, ribofl avin and pyri doxine. Hence a 
defi ciency of any of these vitamins might also lead to niacin 
defi ciency. That is one reason why it is so diffi cult to separate 
clearly the manifestations of defi ciency of individual members 
of the vitamin B complex. The other reason is that the sources 
of different vitamins also overlap. Hence a diet defi cient in one 

Fig. 7.6.1: Some of the metabolic pathways of tryptophan. The 
pathway on the left shows the conversion to niacin. That is why 
tryptophan defi ciency may lead to niacin defi ciency. Leucine inhibits 
kynureninase and activates picolinate carboxylase. That is why 
excess of leucine reduces the synthesis of niacin from tryptophan.
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vitamin is generally defi cient also in other vitamins. Therefore 
in practice, we generally come across multiple nutritional defi -
ciency in the same person rather than an isolated defi ciency 
of a single substance. Syndromes due to defi ciency of a single 
vitamin can be produced only by using specially designed 
diets, as is done in studies conducted for academic reasons.

Functions
Niacin is a component of the coenzymes nicotinamide adenine 
dinucleotide (NAD) and nicotinamide adenine dinucleo tide 
phosphate (NADP). NAD and NADP participate in redox reac-
tions by accepting and trans ferring hydrogen. Thus, like thia-
min and ribofl avin, niacin also plays a vital role in utilization 
of carbo hydrates, proteins and fats in all cells of the body.

Requirements
Since niacin is involved in energy metabolism, its require-
ments are also related to energy intake. A niacin intake of about 
7 mg/1000 kcal is generally satisfactory. However, the entire 
quantity need not be preformed niacin. Part of the require-
ment can be met by conversion of tryptophan into niacin. 
Quantitatively, the yield is 1 mg of niacin from about 60 mg of 
tryptophan.

Defi ciency
Clinically, niacin defi ciency manifests as pellagra. Pellagra 
affects the function of gastrointestinal tract, skin and nervous 
system giving rise to the symptom complex of the three Ds: 
diarrhoea, dermatitis and dementia. The dermatitis of pellagra 
affects clearly demarcated areas on parts of the body exposed 
to sunlight. The neural involvement may initially produce 
headache and irrita bility. But severe deficiency eventually 
leads to psychia tric symptoms such as hallucinations, delu-
sions and depression.

PANTOTHENIC ACID
Pantothenic acid is a compound incorporating an alanine 
moiety and a pantoic acid moiety.

Sources
Pantothenic acid is widely distributed in plant as well as animal 
foods. Refi ning of cereals and heat processing result in appreci-
able loss of pantothenic acid as well as several other vitamins.

Functions
The body uses pantothenic acid to synthesize coenzyme A 
(CoA). Coenzyme A further activates acetate to form acetyl 
CoA. Acetyl CoA is a vital reactant in the Krebs cycle. Thus 
pantothenic acid is essential for obtaining energy from carbo-
hydrates, fats or proteins. Acetyl CoA is also a precursor of 
triglycerides, cholesterol, haemo globin and acetylcholine syn-
thesized in the body.

Requirements
Based on the intake data of healthy individuals, the pantothenic 
acid requirement of adults has been estimated to be 4 to 7 mg/
day.

Defi ciency
Because of its ubiquitous nature, clear pantothenic acid defi -
ciency is rare in human beings. Mild defi ciency may, however, 
give rise to nonspecifi c symptoms such as poor resistance to 
stresses such as infection.

BIOTIN
Biotin is a group of closely related compounds. The natu rally 
occurring d-biotin is cis-tetrahydro-2-oxothieno (3, 4-d)-imi-
dazoline-4-valeric acid.

Sources
Biotin is a ubiquitous vitamin present in appreciable amounts in 
almost all foods. Particularly rich sources include liver, kidney, 
yeast and legumes. Biotin synthe sized by bacterial fl ora of the 
gut also makes a small contribution to our biotin intake.

Functions
Biotin is a coenzyme for a large number of carboxylation reac-
tions. These reactions occur during oxidation of carbo  hydrates 
and fats, and synthesis of fatty acids. Biotin is also required for 
some deamination reactions, protein synthesis, and conversion 
of tryptophan into niacin. Thus biotin has vital roles in carbo-
hydrate, fat as well as protein metabolism.

Requirements
The biotin requirement of adults has been estimated to be 100-
200 micrograms/day. Intestinal bacteria also seem to make a 
substantial contribution to biotin supply of the body.

Defi ciency
Under ordinary circumstances biotin defi ciency is unknown. It 
may be induced experimentally by combining a low biotin diet 
with raw egg white. Raw egg white contains a protein, avidin, 
which binds biotin. The complex cannot be absorbed by the 
intestines, thereby inducing biotin defi ciency. Heat denatures 
avidin, and therefore cooked egg white does not induce biotin 
defi ciency. Although this fact is widely talked about, it is not 
of much practical importance. It has been found that a person 
has to take the whites of about 25 raw eggs a day to get biotin 
defi ciency!

PYRIDOXINE
Pyridoxine, also called vitamin B6, comprises of a group of at 
least three related compounds, pyridoxol, pyridoxal and pyri-
doxamine, all with similar biological activity.

Sources
The richest sources of pyridoxine are high protein foods such 
as meat, egg and liver. Considerable quantities are also present 
in grains, specially in the husk. Fruits, vegetables and milk are 
poor as sources of pyridoxine.

Functions
The biologically active form of pyridoxine is pyridoxal phos-
phate (PLP). PLP is a coenzyme in several reactions in protein 
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metabolism such as transamination, deami nation, and decar-
boxylation of amino acids. Decarboxy lation is involved in the 
synthesis of serotonin, histamine and norepinephrine from 
amino acids. Pyridoxine is also required for conversion of tryp-
tophan into niacin.

Requirements
Since pyridoxine is required for protein metabolism, its 
requirements depend on protein intake, and are thought to be 
about 0.02 mg/g dietary protein.

Defi ciency
Pyridoxine defi ciency is rather uncommon. But when it does 
occur, it may result in poor growth, anaemia, and neuro logical 
symptoms such as nervousness, irritability, insomnia and 
convulsions.
 The common antitubercular drug, isoniazid (INH) is a pyri-
doxine antagonist. Since pyridoxine is involved in conversion 
of tryptophan into niacin, INH may also precipitate niacin defi -
ciency. That is why patients on INH are also given vitamin B 
complex, specially pyridoxine and niacin.

FOLIC ACID
Folic acid, or folacin, is pteroylglutamic acid. Its molecule is a 
combination of pterin, para-aminobenzoic acid, and glutamic 
acid. The vitamin, as present in food, may have one to seven 
glutamic acid residues per molecule. The extra glutamic acid 
residues are removed in the gastro intestinal tract.

Sources
As its name suggests, folic acid (folium, leaf) is abundant in 
green leafy vegetables. It may also be obtained from fruits, 
wheat germ, liver, kidney and yeast.

Functions
Folic acid, in the form of tetrahydrofolic acid (THFA), is 
required as a coenzyme for all single carbon transfer reactions 
in the body. It is also involved in the synthesis of purines and 
pyrimidines, which form a part of DNA and RNA molecules. 
Hence folic acid is particularly important for the integrity of 
rapidly dividing cells such as blood cells. Its other role in phys-
iology of blood is in the synthesis of the porphyrin moiety of 
the haemoglobin molecule.

Requirements
The ICMR recommends 100 micrograms of folate intake per 
day for adult males and nonpregnant females, and 300 micro-
grams per day for pregnant females. These levels of intake not 
only prevent defi ciency but also maintain normal blood levels 
of folate.

Defi ciency
Folate defi ciency is fairly widespread throughout the world. 
The defi ciency is specially common during pregnancy. Its best 
studied and most prominent manifestation is a variety of mega-
loblastic anaemia. A similar anaemia may sometimes be due to 
the defi ciency of vitamin B12 and it is important to distinguish 
between the two as discussed later in the chapter.

COBALAMIN

Cobalamin, or vitamin B12, is a complex molecule contain  ing 
cobalt and resembles haemoglobin in its struc ture. It exists in 
many forms: as cyanocobalamin, which is synthesized by bac-
teria; and as hydroxocobalamin and methylcobalamin, which 
are found in dairy products.

Sources
Vitamin B12 is unique in that it is available only in animal 
foods. It is synthesized by bacteria residing in the rumen of 
animals, absorbed and stored in tissues. Bacteria resi ding in 
the human colon also synthesize vitamin B12 but it cannot be 
absorbed from there. Therefore human beings must have their 
supply of vitamin B12 from animal foods, viz. milk and milk 
products, liver, kidney and other fl esh foods.

Functions
The active form of vitamin B12 is the cobamide coenzyme, 
which can be synthesized from the dietary vitamin B12 with the 
help of ribofl avin, niacin and manganese.
 Vitamin B12 supplies methyl groups for the synthesis of 
DNA. Therefore the vitamin is important for cell division, and 
its defi ciency specially affects rapidly dividing cells such as 
blood cells.
 Vitamin B12 also has a unique role in neural function, the 
precise nature of which is not understood. Some plausible sug-
gestions are that the role may be related to the participation of 
vitamin B12 in carbohydrate meta bolism in neurons or in lipid 
metabolism in the myelin sheath.

Requirements
Vitamin B12 is required in very small amounts; quantities even 
less than 1 microgram per day seem suffi cient. It has been rec-
ommended by ICMR that about 1 micro gram per day be con-
sumed as a safe allowance. However, this allowance need not 
necessarily be supplied on a daily basis because in a well-nour-
ished indivi dual, the liver stores about 1 mg vitamin B12 which 
can last 1000 days in case of lack of dietary vitamin B12.

Defi ciency
Vitamin B12 defi ciency is rare in India. When it does occur, it is 
generally due to special circumstances. It may be either due to 
poor absorption secondary to defi ciency of the gastric intrinsic 
factor, or due to a strictly vegetarian diet from which even milk 
and milk products are completely excluded.
 The deficiency manifests as a variety of megaloblastic 
anaemia known as pernicious anaemia. It is called pernicious 
because, if not treated in time, it progresses to a serious form 
in which the central nervous system is involved. The typi-
cal neural lesion of pernicious anaemia is subacute combined 
degeneration of the spinal cord, which involves defective mye-
lination of peripheral nerves as well as of the posterior and lat-
eral columns of the spinal cord.
 It is important to distinguish between vitamin B12 and 
folic acid defi ciency because if folic acid is given in vitamin 
B12 defi ciency, the megaloblastic anaemia does respond but 
the neurological lesions continue to progress silently. Thus 
the improvement in anaemia is deceptive and may lead to an 
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unjustifi ed complacency. It has been hypothesized that neuro-
logical damage in vitamin B12 defi ciency is due to the require-
ment of B12 for conversion of propionate into methylmalonate. 
The hypothesis is probably incorrect because available evi-
dence points against it, but it has been mentioned here because 
no better explanation has been proposed so far.

Folate-B12 Interaction
The facts that defi ciency of either folate or vitamin B12 gives 
rise to similar type of anaemia, and that not only folate defi -
ciency anaemia but also vitamin B12 deficiency anaemia 
responds to folate therapy, have a metabolic basis. The con-
version of deoxyuridylate into thymidylate is made possible 
by donation of a one-carbon unit by 5,10-methylene tetrahy-
drofolic acid (THFA). Regene ration of 5, 10-methylene THFA 
requires that 5-methyl THFA donate its methyl group to B12 
which acts as an inter mediary in conversion of homocystine 
into methio nine. Hence in vitamin B12 defi ciency, 5-methyl 
THFA accumu lates, giving rise to a defi ciency of 5, 10-meth-
ylene THFA required for thymidylate synthesis. The phenome-
non has been called methylfolate trap. The trap can be properly 
corrected by giving vitamin B12. But it can also be temporarily 
circumvented by giving excess of folic acid which can generate 
5, 10-methylene THFA. The essentials of the methylfolate trap 
hypothesis have been shown in Figure 2.5.2.

ASCORBIC ACID
Ascorbic acid is popularly known as vitamin C.

Sources
In contrast with vitamin B12, vitamin C is found only in plant 
foods. It is well known that the richest sources of vitamin C 
are amla (Emblica offi cinalis), lime, lemons and oranges. But 
substantial amounts are also present in potato and fresh green 
vegetables. However the high vulnerability of vitamin C to 
heat and oxidation reduces the intake to levels far below those 
predicted from food composition tables.

Functions
Vitamin C is essential for hydroxylation of proline and lysine 
residues in connective tissue during the synthesis of collagen. 
Vitamin C is also involved in the formation of dentin in the 
teeth, and the neurotransmitters norepinephrine and serotonin 
in the central nervous system. Vitamin C may also function as 
an antioxidant in the body.

Requirements
Although the requirements are controversial, the recommended 
intake of 40 mg per day is suffi cient to prevent any obvious 
manifestations of defi ciency. Larger intakes may be required 
after major injuries or surgery to facilitate formation of con-
nective tissue during healing. Whether large doses of vitamin C 
improve the resistance of the body to common cold and other 
infections is still not settled. Vitamin C, in a dose of about 1 g 
per day may reduce the severity of symptoms of common cold. 
However, such large doses should not be taken beyond a few 
days at a time because of the possible adverse effects. First, 

high doses increase the require ment, and thus induce depend-
ence on large intakes. Secondly, since vitamin C is excreted 
as oxalic acid, high doses may increase the formation of renal 
stones.

Defi ciency
Severe form of vitamin C defi ciency is called scurvy. It affects 
particularly tissues where connective tissue is functionally 
more important, such as blood vessels, leading to abnormal 
petechial hemorrhages under the skin. Bleeding of the gums 
is a common symptom. Bleeding in joints may lead to joint 
pains. In addition, there is generalized weakness, and fl accidity 
of muscles which may give rise to the frog posture in infants.

CONCLUSION
Vitamins are a unique class of nutrients to which even some 
highly acclaimed specialists have ascribed almost magical 
effects. No wonder, different doctors often give contradictory 
advice to healthy persons on whether to take a vitamin sup-
plement regularly. On one hand, taking a pill is far less expen-
sive and far more convenient than ensuring an equivalent 
intake of vitamins through the diet. This is so because of the 
high susceptibility of vitamins to losses during storage, cook-
ing, processing, etc. In view of this uncertainty, many doctors 
feel justifi ed in advocating the regular use of a supplement as 
a sort of insurance against vitamin defi ciencies. The practice 
is generally harmless. On the other hand, the compla cency 
generated by the vitamin supplement may lead to neglect of 
nutrition in other respects. Vitamins are not a substitute for a 
balanced diet. Further, taking an excess of some vitamins may 
make the body accustomed to high intakes. If due to any reason 
the supplement is then discontinued, the person fi nds it diffi -
cult to manage on a normal vitamin intake. The result is that 
in spite of a normal intake, the person shows signs of vitamin 
defi ciency. There is no absolute defi ciency, but there is a rela-
tive defi ciency because the requirements have become abnor-
mally high due to prolonged high intakes of the vitamin. This 
phenomenon has been shown in case of vitamin C. Although 
even moderately high intakes of most vitamins are quite safe, 
toxicity has been observed following large doses of vitamins 
A, D, E and K, and niacin and pyridoxine. But there is no clear 
evidence that excess of any vitamin is useful. The benefi cial 
effects of large doses of antioxidant vitamins such as vitamin 
E, vitamin C, or betacarotene, which are in vogue these days, 
have also not been demonstrated conclusively. The arguments 
for and against regular use of vitamin supplements have been 
given in Table 7.6.1.
 In view of the above discussion it is clearly not possi ble to 
give a defi nite verdict on the question of regular vitamin sup-
plements. If there is the slightest doubt about the diet being 
defi cient in vitamins, a supplement should be taken. If a person 
is under physical or mental stress, a supplement should be taken 
because stress increases vitamin requirements. If a person feels 
more comfortable having the insurance cover of a daily vita-
min pill, even then the supplement may be taken. But under 
all these circumstances, the supplement taken should be one 
which supplies vitamins in doses which are fairly close to the 

7.6.indd   4047.6.indd   404 8/23/2010   12:28:35 PM8/23/2010   12:28:35 PM



C
H

A
PT

ER
 7

.6
: V

itam
in

s

405

recommended daily allowances (RDA). Supple ments contain-
ing a much larger dose than the RDA of any vitamin should not 
be taken except for short periods on medical advice. Finally, 
in our age of excessive dependence on science and technology 
it is well to remember that the human race has survived and 
thrived through much of its past without vitamin supplements. 
If it has been possible for thousands of years, it is possible even 
now.

QUESTIONS AND PROBLEMS
1. Can vitamin D be considered a hormone?
2. Why is rickets uncommon in children having protein-

energy malnutrition?
3. How can vitamin K antagonists or antibiotics induce vita-

min K defi ciency?
4. Why is the urine yellow a few hours after taking a tablet of 

vitamin B complex?
5. Why is vitamin B complex customarily given to patients on 

antibiotics?

ANSWERS AND SOLUTIONS
1. A suggestion has been made that since vitamin D has to 

be modifi ed in the body before it is biologically active, it 
should be considered a hormone. Comparison with the thy-
roid hormones would illustrate the point.

 Vitamin D Thyroid hormones

Precursor present in Yes, vitamin D2 or Yes, iodine in diet
the diet vitamin D3 
Organ(s) where Liver and kidney Thyroid gland
precursor transformed

Product 1, 25-dihydroxy Tetra- and
 cholecalciferol tri-iodothyronine
Target organs Intestine, bones and All parts of the body
 kidneys 
Mode of transport to
target organs Bloodstream Blood stream

 Further, the active form of vitamin D has a structure resem-
bling steroid hormones, and acts, like the steroid hormones, 
by infl uencing protein synthesis in target cells.

 However, in spite of all these similarities, vitamin D is con-
ventionally not considered a hormone. Besides convention, 
the only justifi cation for this practice probably is that the 
dietary and biologically active forms of vitamin D are not 
markedly different in chemical structure.

2. Children with protein energy malnutrition show poor 
growth. Since vitamin D is required for bone growth, vita-
min D defi ciency is unlikely to manifest itself if the bones 
are not growing.

3. Vitamin K antagonists compete with vitamin K in the 
liver and thereby inhibit prothrombin synthesis (see 
Chapter 2.10).

 Antibiotics may eliminate the gastrointestinal bacteria 
which synthesize vitamin K, and thereby reduce supply of 
the vitamin to the host.

4. Tablets of vitamin B complex often have much larger quan-
tities of vitamins than the body can use immediately. Since 
vitamin B complex is not stored in the body, the excess 
ingested is excreted in the urine. Ribofl avin is intensely yel-
low in colour and imparts its colour to the urine.

5. This is because antibiotics may eliminate or at least reduce 
the bacterial population of the intestine, thereby curtail-
ing the supply of vitamins synthesized by these bacteria. 
However, not all antibiotics reach the large intestine in 
amounts suffi cient to alter the bacterial population sig-
nifi cantly, and there is no vitamin for which the bacterial 
source is generally critical (except perhaps vitamin B12 in 
strict vegetarians). But the practice of medicine can be quite 
different from theory. If there is the slightest justifi cation 
for giving relatively harmless substances such as vitamins, 
most physicians would like to give them. An additional jus-
tifi cation is that vitamin requirement may be increased in 
these patients due to stress of the infection for which antibi-
otics are being given.

Table 7.6.1: Pros and cons of regular vitamin 
supplementation

Pros Cons

Inexpensive Neglect of balanced diet
Convenient Getting accustomed to high intake
Insurance against High doses are not absolutely safe
defi ciency
Harmless Not enough evidence that excess is useful
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7.7
Minerals and Electrolytes

Like vitamins, minerals are also nutrients which are required 
only in small quantities but perform vital functions in the body. 
When a food is burnt, for instance in a bomb calorimeter, a 
small quantity of ash is left behind. Minerals are present in the 
ash. More than twenty minerals are now considered essential 
nutrients. Nutrient minerals are classifi ed into macronutrients 
and micronutrients depending on their relative tissue con-
tent. Micronutrients are also called trace elements. In general, 
animal foods are a better source of minerals than plant foods. 
In cereals and legumes, the minerals are concentrated in the 
outermost layers, i.e. the husk. Therefore refining of food 
grains results in considerable mineral (and vitamin) loss.
 In this chapter we shall discuss only a few selected miner-
als (calcium, phosphorus, iron, iodine, zinc and selenium) and 
related substances called electrolytes (sodium, potassium, and 
fl uorine). The selection is based on considerations such as the 
quantity in the body, relative importance as a nutrient, preva-
lence of defi ciency, and the level of our knowledge about the 
nutrient. Still, the selection is inevitably arbitrary. For a more 
exhaustive list and treatment, a textbook of biochemistry or 
nutrition may be consulted.

CALCIUM
The body of an adult has about 1 kg calcium, of which about 
99% is in bones and teeth.

Sources
The best sources of calcium in the diet are milk and milk prod-
ucts. Grains not only have less calcium, their calcium is less 
effi ciently absorbed. In areas where water has a high mineral 
content, drinking water may provide upto a quarter of the daily 
calcium requirements.

Functions
Quantitatively, the most important functions of calcium reside 
in bones and teeth. In bone, calcium salts are depo sited on the 
collagen matrix, thereby imparting rigidity to the bones. In 
teeth, calcium salts are deposited in dentin and enamel.
 Although quantitatively less signifi cant, calcium has sev-
eral other very important functions in the body,. Calcium ions 
are essential for the generation of thromboplastin during the 

process of clotting. A normal calcium ion concentration is 
essential for normal neuromuscular excitability. Calcium ions 
are also involved in the activation of several enzymes in the 
body.

Requirements
Calcium requirements have been diffi cult to establish for vari-
ous reasons. The absorption of calcium is affected by a very 
large number of factors such as vitamin D, lactose and phos-
phorus content of the diet, and also the body’s need for cal-
cium. Dietary fibre, oxalates and phytates may reduce the 
absorption of calcium. High protein diets may increase urinary 
calcium excretion. However, in India the recommended dietary 
allowance in healthy adults is 400 mg per day under ordinary 
circumstances, and 1000 mg per day during pregnancy and 
lactation.

Defi ciency
There is no clear calcium deficiency syndrome. This may 
be because of the remarkable adaptation to low intakes by 
improvement in absorption and reduction in calcium excretion. 
However, calcium metabolism shows abnormalities in vita-
min D defi ciency, hypo- and hyperparathyroidism, and senile 
osteoporosis.

PHOSPHORUS
The body of an adult has about 600 g phosphorus, of which 
about 90% is in bones and teeth.

Sources
Phosphorus is widely distributed in foods. The concen tration of 
phosphorus is particularly high in protein-rich foods. Aerated 
soft drinks and processed foods contain considerable amounts 
of phosphorus. Excessive consump tion of these foods may 
unduly lower the calcium/phosphorus ratio of the diet.

Functions
Phosphorus is required for a wide range of body func-
tions. The key molecules involved in energy transac tions 
of the body, ATP, ADP and AMP, contain phos phorus. 
Phosphorylation of enzymes is a key step in mediating the 
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action of various hormones, neuro trans mitters and neuroactive 
peptides. Phosphate groups form a part of DNA and RNA mol-
ecules. Although these are all vital and generalized functions of 
phosphorus, quantitatively the most signifi cant contribution of 
phosphorus is in the form of calcium salts in bones and teeth.

Requirements
It is desirable that the phosphorus intake should be less than 
twice the calcium intake. The ICMR recom menda tion is that 
phosphorus intake should be equal to calcium intake, i.e. 400 
mg per day under ordinary circumstances, and 1000 mg per 
day during pregnancy and lactation.

Defi ciency
Phosphorus defi ciency is unknown in human beings under 
ordinary circumstances. Special circumstances in which it 
may occur include renal dialysis, and excessive use of antacids 
containing aluminium hydroxide, which reduces phosphorus 
absorption.

IRON
The body of an adult has about 4 g iron, roughly the same as 
the amount in a medium-sized nail. About two-thirds of the 
body iron exists in the form of haemoglobin. The remaining 
iron is in the form of myoglobin, cyto chromes, transferrin, fer-
ritin, and storage iron (hemosiderin).

Sources
The important sources of iron in the food are green leafy veg-
etables, potatoes, legumes, fruits and fl esh foods, specially 
liver. In grains, iron is concentrated in the husk. Milk is a poor 
source of iron. It is thought that in olden days when cooking in 
iron utensils was common, the utensils contributed signifi cant 
amounts of iron to the diet.
 Food iron is often divided into haem iron and non haem 
iron. The intestinal absorption of haem iron is much better 
(up to 30% may be absorbed) than that of nonhaem iron. The 
factors affecting absorption of iron have been discussed in 
Chapter 6.7.

Functions
The most signifi cant function of iron is in oxidation-reduction 
reactions. It contributes to this function in the form of haemo-
globin and myoglobin by carrying oxygen, and in the form of 
cytochromes as an electron carrier. Thus iron is essential for 
generation of energy through meta bolic reactions.
 The other functions of iron include antibody produc tion 
and synthesis of purines, which are a component of DNA and 
RNA.

Requirements
Iron is a highly protected mineral. The body loses very little 
iron through the usual routes of excretion. An adult man loses 
only about 1 mg iron per day, and a woman up to 2 mg per 
day (average) due to menstrual losses. However, because of 
poor intestinal absorption from mixed cereal diets prevalent in 

India, the food should contain about thirty times as much iron 
as the quantity lost every day. The ICMR recommendation is 
that an adult man should take 28 mg iron per day, an adult non-
pregnant woman 30 mg per day, and a pregnant woman 38 mg 
per day. Supplying this quantity of iron through the diet on a 
regular basis can be very diffi cult because the consumption of 
green vegetables is extremely poor in India. The problem is 
compounded by chronic intestinal blood loss due to hookworm 
infestation, which increases the iron requirement considerably. 
Therefore supplying iron through fortifi cation of common salt 
has been given serious consideration. Salt is a suitable vehicle 
for fortifi cation because it is consumed regularly in predictable 
amounts by all sections of the society. A long series of stud-
ies done at the National Institute of Nutrition, Hyderabad, has 
shown that fortifying salt with a mixture of ferric orthophos-
phate (3500 mg/kg) and sodium hydrogen sulphate (5000 mg/
kg) gives a combination which provides 1 mg iron/g of salt. 
The bioavailability of iron from the combination is equivalent 
to that from ferrous sulphate. The colour of the combination is 
not different from that of common salt, and its colour or chem-
istry do not alter appreciably on storage.

Defi ciency
Iron defi ciency leads to a microcytic hypochromic anaemia, 
which has been discussed in Chapter 2.5.

IODINE
Iodine metabolism in the body is intimately linked to thyroid 
function (Chapter 9.3).

Sources
The iodine content of water and foods, both plant and animal, 
varies from one region to another, and depends on the iodine 
content of the soil in the region. In general, areas far removed 
from the sea coast, such as hilly areas, have an iodine-defi cient 
soil. In order to make up for this defi ciency salt is iodized 
in these areas by adding potassium iodate at a level which 
achieves an iodine concentration of at least 30 ppm at the man-
ufacturers’ level. This makes it reasonably sure that an iodine 
content of at least 15 ppm is present at the consumers’ level. 
Assuming a daily salt intake of 10 g, iodized salt containing 15 
ppm iodine supplies 150 micrograms of iodine everyday.

Functions
Iodine functions in the body in the form of thyroid hormones 
(Chapter 9.3).

Requirement
The requirement of iodine is a meagre 1 microgram/kg body 
weight.

Defi ciency
Iodine defi ciency has long been known to be endemic in the 
sub-Himalayan belt in India. Now it has been dis covered that 
less frequent but still endemic levels of iodine defi ciency exist 
not only in hilly areas but also in coastal areas and the plains 
in other parts of the country. Iodine defi ciency may be absolute 
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due to defi cient intake, or due to consumption of foods con-
taining antithyroid substances (or goitrogens). Goitrogens are 
present in many plants of the genus Brassica such as cab-
bage, turnip, radish, etc. Although not much data are avail-
able on goitrogen consumption in India, there are pockets 
with endemic goitre where the frequency of goitre cannot be 
accounted for by the urinary iodine excretion levels, which are 
quite high. These observations suggest that the high prevalence 
of goitre may be due to consumption of goitrogens. The com-
pounding effect of goitrogens on iodine defi ciency exists in its 
worst form in Central Africa where goitrogen consumption is 
high due to the staple being cassava. Iodine defi ciency leads to 
various forms and degrees of thyroid disorders as discussed in 
Chapter 9.3.

ZINC
zinc is a mineral which has been added to the list of essen-
tial nutrients relatively recently. The body of an adult con-
tains about 2 g zinc, about 75% of which is in bones. Other 
tissues with relatively high concentration of zinc are skin, hair 
and testes. Circulating zinc is concentrated in red blood cells. 
Serum zinc is largely bound to proteins. Use of oral contracep-
tive pills leads to a fall in serum zinc levels.

Sources
Cereals and legumes contain signifi cant amounts of zinc but 
the absorption of zinc from these sources is limited by phytic 
acid. Flesh foods, particularly sea foods, are very good sources 
of zinc, but are not a part of the regular diet for a large major-
ity of mankind. Because of these diffi culties, it seems that at 
least a marginal defi ciency of zinc may be quite widespread 
throughout the world.

Functions
Zinc is a part of several enzymes known as metallo enzymes. 
These enzymes include carbonic anhydrase, carboxypeptidase, 
alkaline phosphatase, DNA poly merase and RNA polymerase. 
It is also a cofactor in the activation of zinc-dependent enzy-
matic reactions, e.g. the synthesis of collagen.
 At a functional level, zinc seems to be essential for normal 
growth, reproductive function, wound healing, and normal 
acuity of the sense of taste and smell. Current state of our 
knowledge still does not allow correlating the enzymatic func-
tions with gross functions.

Requirements
Based on data from zinc balance studies and the reasonable 
assumption that only 25% of dietary zinc is absorbed, it has 
been recommended that an adult should take 15 mg zinc per 
day. The requirements are slightly higher during the growth 
spurt, pregnancy and lactation.

Defi ciency
Zinc defi ciency was fi rst discovered in Iran in 1961 as the 
cause of a prevalent syndrome characterized by poor growth 
and slow sexual development. It was found that the defi ciency 
was due to a diet consisting almost exclusively of unleavened 
whole wheat bread. Because of the high fi bre and phytate 

content of diet, the absorption of zinc from such a diet is very 
poor. Zinc defi ciency is also prevalent in Egypt where the 
problem is compounded by loss of zinc through blood loss due 
to hookworm infestation. Now it is generally felt that milder 
forms of zinc defi ciency are extremely common in many other 
countries, including the developed countries.
 Besides poor physical and reproductive growth, poor 
wound healing, loss of appetite, diminished acuity of taste and 
smell, and several skin disorders have been attributed to zinc 
defi ciency.
 Zinc defi ciency may also be precipitated by iron supple-
ments. Iron and zinc possibly share some intestinal transport 
mechanisms. Therefore large doses of iron reduce the absorp-
tion of zinc, thereby precipi tating zinc defi ciency.

SELENIUM
Selenium is an essential nutrient required in very small 
amounts. The selenium content of diet depends on the selenium 
content of soil. Since the selenium content of soil varies con-
siderably from one region to another, both selenium defi ciency 
and toxicity of dietary origin are known.

Source
If the soil of the region where the food has originated has ade-
quate selenium, food will have adequate sele nium. Selenium is 
present in both plant and animal foods and its content is higher 
in foods with higher protein content. Refi ning of grains, and 
boiling of vegetables result in considerable loss of selenium.

Functions
Selenium is a part of the antioxidant system of the body. It is 
incorporated in glutathione peroxidase, an enzyme which pre-
vents peroxidation of fats present in cellular and subcellular 
membranes. Thus the functions of selenium overlap with those 
of vitamin E. Hence the role of selenium, like that of other 
antioxidants, may be to retard the aging process and to prevent 
cancer.

Requirements
The recommended intake for selenium is 1 microgram per kg 
body weight.

Defi ciency and Toxicity
It has been claimed that the incidence of cancer in a region is 
inversely related to the selenium content of the soil. While this 
statement may not be strictly true, selenium defi ciency possi-
bly does predispose to some cancers.
 Keshan disease, characterized by degeneration of cardiac 
muscle, is prevalent in some parts of China. Selenium has been 
shown to have a benefi cial effect in the disease.
 Taking selenium in high doses for a long time has been 
reported to cause loss of hair.

SODIUM
Sodium is the principal cation of the extracellular fl uids. It sug-
gests that the most primitive forms of life probably originated 
in sea water. The concentration of sodium in the intracellular 
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fl uids is kept low by a pump in the cell membrane which con-
tinually pumps sodium ions out of the cell.

Sources
Considerable amount of sodium is present naturally in food. 
But consuming some additional sodium as sodium chloride to 
improve the taste of food is an almost universal practice.

Functions
As the principal cation of extracellular fl uids, sodium is the 
major contributor to the osmotic pressure of these fl uids. In this 
way sodium helps regulate the total fl uid volume of the body 
as well as the balance between extracellular and intracellular 
fl uids.
 Sodium, as sodium bicarbonate, forms a part of the 
bicarbonate-carbonic acid buffer system of the body. In this 
way sodium helps regulate the pH of body fl uids. Hence by 
regulating osmolarity and pH of extracellular fl uids, sodium 
makes important contributions to maintenance of constancy 
of the internal environment. It provides the cells an optimal 
and relatively constant environment in which they can function 
normally.

Requirements
There are certain minimum urinary, faecal and cutaneous losses 
of sodium which have to be replaced. In addition, consider-
able amounts can be lost in sweat in hot environ ment. All these 
losses can be replaced by an intake of about 150 mg sodium. 
But a diet containing only 150 mg sodium has a very poor taste. 
Therefore most of us voluntarily consume much more sodium 
than the mini mum requirements. In tropical climates, addi-
tional sodium losses in the sweat enhance the requirements. 
From the viewpoint of prevention of heart disease, experts cur-
rently recommend a sodium intake of less than 3 g/day, which 
corresponds to a sodium chloride intake of less than 7.5 g/day. 
This quantity would usually be more than enough to meet the 
requirements even in tropical climates.

Defi ciency and Excess
Sodium requirement is so little in relation to its liberal supply in 
foods that sodium defi ciency is essentially unknown. However, 
consuming much more sodium than we need is thought to 
be responsible for a tendency towards high blood pressure. 
Therefore those with hyper tension, or at risk of atherosclerosis, 
are advised to restrict sodium in the diet. Sodium restriction 
is also advised when there is accumulation of excess extra-
cellular fl uid (oedema). Sodium restriction may be achieved 
by avoiding the use of table salt, and elimi nating from the diet 
preserved foods and pickles, chut neys, snacks, processed and 
preserved foods, and salted butter.

POTASSIUM
Potassium is the principal cation of the intracellular fl uid. 
Since the concentration of potassium in intracellular fl uid is 
normally constant, measurement of body potassium is one of 
the methods for determining intracellular fl uid volume as well 
as cell mass of the body. The cell mass derived from total body 

potassium is close to the lean body mass because adipose tissue 
has very little intra cellular fl uid and hence very little potassium.

Sources
Potassium is an almost universal constituent of food, specially 
of fruits and vegetables. It may be lost in cooking water. On the 
other hand, additional potassium may be present in the form of 
additives in processed foods.

Functions
Potassium is an essential constituent of cells. Hence potassium 
is required when cell mass has to grow, as during body growth. 
Potassium is one of the two major ionic participants in main-
tenance of resting membrane potential and genesis of action 
potential, the other participant being sodium. Potassium ions 
form one of the minor mechanisms for maintenance of acid-
base balance of the body. In acidosis, potassium ions start leav-
ing the cells to enter extracellular fl uids in order to regulate the 
extracellular pH.

Requirements
The minimum potassium requirement of an adult is about 2 g 
per day. Many persons take as much as three times the mini-
mum requirements, which seems to be harmless.

Defi ciency
Potassium defi ciency may occur due to excessive loss, as in 
diarrhoea, vomiting, heavy sweating, use of digitalis (a drug 
for some heart diseases), or use of diuretics (drugs which 
increase urinary volume). Heavy potassium loss from the body 
may cause weakness and muscle cramps. Potassium defi ciency 
is best corrected through natural foods, e.g. oranges, lemons or 
lime.

FLUORINE
Fluorine is an element of which both defi ciency and excess are 
harmful and are known to occur in different parts of the world.

Sources
The principal source of fl uorine is drinking water which con-
tains fl uorine in the form of fl uorides.

Functions
Fluorine is deposited in bones and teeth in the form of fl uorapa-
tite crystals. In the bones, these crystals reduce mineral resorp-
tion and thereby prevent osteoporosis. In the teeth, presence 
of fl uorapatite crystals in enamel confers resistance to acids, 
thereby preventing dental cavities.

Requirements
The fl uoride requirement of the body seems to be about 2 mg 
per day. This requirement is optimally met when drinking 
water has 1 ppm fl uoride.

Defi ciency and Excess
The main ill effect of fl uoride defi ciency is dental caries. This is 
often quantifi ed in items of the DMF index, which includes the 
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decaying, missing and fi lled teeth. In areas where fl uoride defi -
ciency is prevalent, fl uoridation of water is one way to supply 
adequate fl uoride to the population. Other methods include the 
use of sodium fl uoride tablets. Some benefi t is also obtained by 
topical application, as by using a fl uoride containing toothpaste. 
The ill effects of excess fl uoride intake (fl uorosis) also mani-
fest in teeth and bones. If fl uoride intake is excessive during 
development of teeth, the dental enamel shows mottling. The 
degree of mottling can vary from slight discoloration to exten-
sive chalkiness of the surface. The teeth may show pitting and 
chipping due to erosion of the mottled areas. But even severely 
mottled teeth are resistant to dental caries. In fl uorosis, bones 
show excessive deposition of calcium. Even the ligaments may 
show calcifi cation. As a result there is pain in the joints, and 
the vertebral column may become stiff. Skeletal fl uorosis is a 
much more serious problem than dental fl uorosis.
 At molecular level, studies by AK Susheela and her col-
leagues have shown that in fluorosis collagen syn thesis is 

reduced, and the collagen that is synthesized is inadequately 
cross-linked.
 In India fl uorosis is endemic in Andhra Pradesh, Haryana, 
Punjab, Tamil Nadu and Uttar Pradesh. Newer belts of endemic 
fl uorosis have been identifi ed recently so that now about twelve 
states are known to be seriously affected by the problem. Since 
the major problem in our country is fl uorosis rather than fl uo-
rine defi ciency, there is no justifi cation for fl uoride toothpastes 
in India.

CONCLUSION
Fortunately fads about minerals are not as widespread as those 
about vitamins. Even so, the arguments for and against regu-
lar supplementation apply as much to minerals as to vitamins 
(Table 7.6.1). One should parti cularly avoid supplements con-
taining many times the normal requirement of iron, zinc or any 
other mineral because of their potentially harmful effects.
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7.8
Recommended Dietary 

Allowances

We have discussed in the previous chapters how much protein, 
vitamins or iron a person should take every day. These fi gures 
are based on recommended dietary allow ances, which are an 
authoritative statement by experts. The precision of math-
ematical fi gures, together with the stamp of authority, creates 
the illusion of a foolproof sacrosanct entity. But as a scientist 
you should know the doubts, approximations and controversies 
underlying the recommended allowances, how experts arrive at 
the allowances, and the limitations and legitimate uses of the 
allowances.
 The recommended dietary allowance (RDA) of a nutrient is 
the quantity which, in the judgement of a group of experts based 
on available scientifi c information, will meet known nutritional 
needs of almost every member of a normal healthy population. 
Try to look at this defi nition critically. RDA is a judgement, 
and has therefore a subjective element about it. The subjectiv-
ity is reduced by having a group of experts instead of depend-
ing on just one of them, and by relying on scientifi c informa-
tion rather than personal impressions. But still a certain degree 
of subjective bias or arbitrariness cannot be excluded. Further, 
the RDA meets only the known nutri tional needs, which indi-
rectly acknowledges that all needs may not be known. Next, 
the RDA meets the nutritional needs of almost every member, 
which leaves the possibility open that a few rare individuals 
may have needs greater than the RDA. Finally, RDA is applica-
ble to a normal healthy population; it may not apply to a popu-
lation of patients or to healthy individuals. These points will 
become clear after understanding the genesis of RDAs.

GENESIS OF RDAs
The fi rst step in the genesis of RDAs is determination of the 
normal requirements of a nutrient. This step is not as simple 
as it looks. Scrutiny of available scientifi c infor mation often 
leads to a wide and confusing range of fi gures. The reason is 
that it is diffi cult to defi ne what the requirement of a nutrient 
is. Depending on the nutrient, the scientist involved, and the 
design of the study, the criteria of requirement of a nutrient 
may differ widely (Table 7.8.1). And, depending on the crite-
rion chosen the requirement of the nutrient differs enor mously.

 In spite of these diffi culties, once the expert group has 
arrived at a reasonable conclusion about the require ments, the 
next step is to fi nd out the degree of individual variation in 
requirement. The variability is quantifi ed in terms of standard 
deviation.
 The next step is to fi x the RDA. In case of energy, the RDA 
is equal to the average requirement of the popu lation. In case of 
all other nutrients, the RDA is equal to the average requirement 
plus twice the standard deviation. The reason for the difference 
is that in case of energy, it is advisable to consume the exact 
requirement because both defi ciency and excess are harmful. 
But in case of all other nutrients, consuming amounts mode-
rately above the requirement is quite harmless. Therefore the 
RDA for nutrients other than energy is fi xed at a level which 
would cover the requirements of 97.5% of the population.1

FACTORS AFFECTING RDAs
RDAs depend on age, sex, body weight and physical activity of 
the individual. Illnesses such as intestinal parasites also affect 
the RDA, and so does the climate of the place. Since some of 
these factors vary from place to place, each country, or at least 
each region of the world, should have its own RDAs.

USES OF RDAs
RDAs may be used either to guide nutrient intake, or to evalu-
ate nutrient intake. They are specially useful for planning 

Table 7.8.1: Criteria for requirement of a nutrient

 S.No.  Criteria

  Quantity of the nutrient which:
 1. Prevents manifestations of defi ciency
 2. Achieves satisfactory growth
 3. Is habitually consumed by healthy persons
 4. Achieves adequate blood levels of the nutrient
 5. Ensures adequate stores of the nutrient
 6. Confers additional benefi ts, e.g. prevention of infections or 

cancer

1 In case of variables with a normal (bell-shaped) distri bution, it is a statistical fact that mean + 1 S.D. covers 67% of the population while mean + 2 S.D. 
covers 97.5% of the population.
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food supplies for a population. The population may be simply 
a group of soldiers or patients, or the entire population of a 
region or country. However, in large populations, evaluation 
of nutritional status on the basis of RDAs is erroneous. For 
example if the average iron intake of adult Indian males is 28 
mg, which is equal to the RDA, it does not mean that iron defi -
ciency does not exist in India. The average is the resultant of 
a large number of intake fi gures, most of them considerably 
above or below the RDA. Therefore a fraction of the popula-
tion is likely to have iron defi ciency.
 Although RDA cannot guide the nutrient intake of an indi-
vidual very accurately, especially for energy intake, sometimes 
that is the only way to do it. For example, for a comatose or 
surgical patient on enteral (tube) or parenteral (intravenous) 
nutrition, the best alternative is to supply nutrients as per the 
RDAs.

LIMITATIONS OF RDAs
Since RDAs are based on statistical treatment of nutrient 
requirement data, RDAs can be used legitimately and mean-
ingfully only within the framework of statistical probability. 
If an individual consumes less of a nutrient than the RDA, he 
is not necessarily defi cient. However, his risk of being defi -
cient increases as his intake falls further short of the allowance. 
Conversely, one cannot feel secure on an intake less than the 
RDA. Since the RDA is average requirement + 2 SD, there are 
some real individuals whose requirement is actually equal to 
the RDA.
 Another limitation of RDAs arises from the fact that they 
are based on available knowledge. Present know ledge of 

nutritional requirement is incomplete. There fore, to ensure that 
possible unrecognized nutritional needs are met, the diet should 
include as varied a selec tion of foods as is practicable. Finally, 
RDAs do not cover therapeutic nutritional needs. Therefore a 
nutrient intake different from the recommended allowance may 
be necessary in disease states.
 Recommended dietary allowances are published as book-
lets having about 100 pages of text and a few tables with foot-
notes. The text is seldom read, and the footnotes are ignored, 
while the fi gures in the tables are extensively used and mis-
used. Understanding the genesis and limitations of RDAs can 
help in their being used critically and meaningfully.
 A summary of the RDAs of a few selected nutrients is pre-
sented in Table 7.8.2. The main idea is to know that such tables 
exist for you to consult as and when necessary.

BALANCED DIET
A balanced diet is a satisfactory diet from the scientifi c point of 
view. It provides adequate quantities of all essen tial nutrients. 
If we look at the range of products consumed as food in the 
world, the variety is indeed astro nomical. This is so because a 
very large number of plant and animal products contain nutri-
ent molecules. Out of all the products which are acceptable 
as food, each individual uses a small number depending on 
the cultural background, personal preference, and purcha sing 
power. Many vastly different diets can all be balanced diets. 
For example, there can be a balanced Indian diet, a balanced 
Chinese diet, and a balanced European diet. They look very 
different from one another but are all balanced because, chemi-
cally, they provide all essential nutrients in adequate quantities. 

Table 7.8.2: Recommended dietary allowances for Indians (Indian Council of Medical Research, 1990)

 Recommended dietary allowance

Group Particulars Body weight Energy Protein Calcium Iron Vitamin A** Vitamin C Folic Acid Vitamin B12
  (kg) (kcal/d*) (g/d)* (mg/d) (mg/d) (μg/d) (mg/d) (μg/d) (μg/d)

Man Moderate 60 2875 60 400 28 600 40 100 1
 work
Woman Moderate 50 2225 50 400 30 600 40 100 1
 work
 Pregnant***  + 300 + 15 1000 38 600 40 400 1
 Lactation
 0-6 mon  + 550 + 25 1000 30 950 80 150 1.5
 6-12 mon  + 400 + 18 1000 30 950 80 150 1.5
Infant 0-6 mon 5.4 108 kcal/kg 2.05 g/kg 500  350 25 25 0.2
 6-12 mon 8.6 98 kcal/kg 1.65 g/kg 500  350 25 25 0.2
Children 1-3 yr 12.2 1240 22 400 12 400 40 30 1
 4-6 yr 19.0 1690 30 400 18 400 40 40 1
 7-9 yr 26.9 1950 41 400 26 600 40 60 1
Boys 10-12 yr 35.4 2190 54 600 19 600 40 70 1
Girls 10-12 yr 31.5 1970 57 600 34 600 40 70 1
Boys 13-15 yr 47.8 2450 70 600 28 600 40 100 1
Girls 13-15 yr 46.7 2060 65 600 41 600 40 100 1
Boys 16-18 yr 57.1 2640 78 500 30 600 40 100 1
Girls 16-18 yr 49.9 2060 63 500 50 600 40 100 1

*Unless specifi ed otherwise.
**As retinol. For beta-carotene, the allowance is four times as much.
***2nd or 3rd trimester.
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Knowledge of what constitutes a balanced diet may be useful 
in two ways: to frame a diet or to evaluate a diet.

Framing a Balanced Diet
Framing a balanced diet for an individual incorporates two 
basic steps: to determine the scientifi c specifi cations of the 
diet, and to translate the specifi cations into a diet which the 
individual is likely to accept.

Scientifi c Specifi cations
These depend mainly on the age, sex, body weight and habitual 
physical activity of the individual. After examining these fac-
tors, we determine the energy intake which would be adequate 
for the individual. For this purpose, we make use of the RDAs. 
The next step is to determine the desirable minimum protein 
intake on the basis of RDA. For example, for a 50 kg moder-
ately active woman, the diet should provide 2225 kcal and at 
least 50 g protein everyday. 50 g protein would provide 200 
kcal, the remaining 2025 kcal can be obtained from a rather 
fl exible mixture of carbohydrates and fats. The diet should also 
provide at least the RDA of vitamins and minerals.

Translating the Specifi cations into a Diet
The leap from chemistry to kitchen involves four basic steps.
1. Know the patient well. Find out her usual dietary pattern, 

likes and dislikes.
2. Keeping the patient’s preferences and scientifi c specifi ca-

tions in mind, frame a provisional diet.
3. Using food composition data from published tables, calcu-

late the composition and energy content of the provisional 
diet. Examine how far the scientifi c features of the provi-
sional diet deviate from the predetermined specifi cations.

4. Make adjustments in the provisional diet so that the diet 
fi nally prescribed to the patient meets the scientifi c specifi -
cations exactly.

 In short, framing a balanced diet for an individual needs 
three types of information:
1. Recommended dietary allowances, to determine the specifi -

cations of the diet to be framed.
2. Patient’s dietary preferences, to guide the foods to be 

included in the diet.
3. Food composition data, to ensure that the quantities of 

different foods included are just right for meeting the 
specifi cations.

 In the Indian context, these aims can be generally achieved 
quite simply by including in the diet:
1. A mixture of cereals and pulses as the major source of 

energy. This automatically ensures adequate quan tity and 
satisfactory quality of dietary protein. If the grains are not 
highly refi ned, it also ensures adequate fi bre intake.

2. Vegetables, preferably green and at least partly raw, and 
fruits. The total quantity of vegetables and fruits should be 
about 400 g per day per person. This ensures adequate vita-
min and mineral intake.

3. Some milk and milk products, and some visible fat, to intro-
duce variety in the diet and to improve its palatability.

 Thus it is quite easy to frame a balanced diet using locally 
available, generally acceptable and relatively inexpensive 
foods, provided priority is given to scientifi c specifi cations 
of the diet rather than taste, fads and customs associated with 
food.

QUESTIONS AND PROBLEMS
1. In a survey, it was discovered that the iron intake of 70% of 

a population is less than the RDA for iron. What is the prob-
able prevalence of iron defi ciency in the population?

2. What are food-based dietary guidelines?

ANSWERS AND SOLUTIONS
1. The RDA for iron is equal to the average requirement + 

2 S.D. Therefore among the 70 percent of the popula-
tion consuming less iron than the RDA, there would be 
many individuals having a requirement which is also 
less than the RDA. Such individuals may be meeting 
their iron requirements satisfactorily in spite of consum-
ing less iron than the RDA. Therefore the prevalence of 
iron defi ciency in the population is likely to be less than 
70%.

2. Food-based dietary guidelines (FBDGs) differ from RDAs 
in being based on foods rather than nutrients. FBDGs are 
usually formulated in qualitative rather than quantita-
tive terms, and take into account the sociocultural con-
text and habitual dietary pattern of the population. Hence 
RDAs all over the world are very similar but FBDGs are 
region-specifi c.
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7.9
Nutrition during 

Pregnancy and Lactation

Nutrition during pregnancy and lactation needs special con-
sideration because these are both periods of extre mely rapid 
growth. During pregnancy, the foetus which weighs only 15 g 
at 12 weeks grows to 3000 g by 40 weeks of pregnancy. This 
amounts to a 200-fold growth in 28 weeks, which is unparal-
leled during any other phase of life. The maternal tissues, spe-
cially uterus, breasts and placenta also show signifi cant growth 
during pregnancy. During lactation, the rate of growth is much 
less rapid but the absolute growth is still considerable. A 3 kg 
new- born grows by 3 kg during the fi rst 6 months of life, often 
entirely on breast milk. The nutritional implications of rapid 
growth are two-fold. First, the energy intake has to be appro-
priately increased. Secondly, the nutrients required for tissue 
growth such as proteins, vitamins and minerals should form a 
relatively larger fraction of the diet. It has been shown through 
several studies, on both human beings and animals, that mal-
nutrition during pregnancy affects both the mother and the 
child adversely. The mother may get emaciated and develop 
anaemia, osteoporosis or osteomalacia. The baby may be born 
prematurely, and may have a low birth weight in relation to the 
duration of gestation (small for date). However, the outcome of 
pregnancy is not as bad in spite of widespread malnutrition as 
one might expect because:
a. The foetus has ‘parasitic’ tendencies. It manages to extract 

adequate nutrition, specially iron, folic acid and vitamin C, 
even when the mother is under nourished with respect to 
these nutrients.

b. The mother’s gastrointestinal absorption of some nutri-
ents such as iron and calcium becomes more effi cient in 
response to enhanced needs.

c. Many of the serious consequences of maternal 
malnutrition predicted from animal experiments fail to 
materialize in human beings due to two reasons. First, the 
severity of malnutrition often produced in animal experi-
ments is rarely seen in human popu lations. Secondly, 
the large litter size, small maternal weight and short 
period of gestation make the rate of growth in most of 
the experimental animals much faster than during human 
pregnancy.

NUTRITIONAL REQUIREMENTS DURING 
PREGNANCY

Let us consider briefl y the special nutritional consi derations 
required during pregnancy in terms of indi vidual nutrients.

Energy
A woman gains about 10 kg in body weight during pregnancy. 
Most of this gain in weight takes place during the second 
and third trimester. Hence the energy intake also needs to be 
increased only during this phase. The ICMR recommends an 
additional intake of 300 kcal/d during the second and third tri-
mester of pregnancy.

Nutrients
The protein intake also needs to be increased during preg nancy. 
This can be achieved easily if some of the additional energy 
intake is in the form of a cereal-pulse mixture.
 Not much additional calcium intake is necessary during 
pregnancy if the intake before pregnancy was satisfactory. This 
is so because gastrointestinal absorption improves during preg-
nancy in response to enhanced needs. However, it is desirable 
to achieve a calcium intake of about 1 g/day during pregnancy.
 An iron supplement is often necessary during pregnancy 
to meet the recommended intake of 38 mg per day. However, 
one should take care not to raise the haemoglobin level above 
11 g/100 ml blood. There is some physiological haemodilu-
tion during pregnancy. Hence 11 g/100 ml is the physiological 
upper limit of haemoglobin concentration. Higher levels than 
that raise the viscosity of blood, thereby reducing placental 
blood fl ow, which may prove harmful.
 Defi ciency of folic acid is fairly common in India due to 
inadequate consumption of green leafy vegetables. The defi -
ciency is aggravated during pregnancy due to enhanced 
demands. Therefore it has been recommended that a preg-
nant woman should take 400 micrograms folic acid per day 
instead of the 100 micrograms required when not pregnant. 
It is diffi cult to supply 400 micrograms of folic acid from 
the diet. Therefore supplements are essential, but there is no 
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justifi cation for giving amounts as large as 15 mg provided by 
some supplements.

Other Considerations
Besides energy and nutrients, some other special considerations 
are necessary during pregnancy because of frequent attacks of 
nausea and vomiting, limited capacity to eat at one meal, con-
stipation, and some peculiar cravings. These problems can be 
helped by small frequent meals, a high fi bre diet, and due atten-
tion to reasonable and harmless cravings.

NUTRITIONAL REQUIREMENTS DURING 
LACTATION

Although a woman should continue to eat for two during lac-
tation, she may not be as conscious of it during lacta tion as 
during pregnancy. In fact, the absolute growth of the baby 
is greater during lactation than during pregnancy. Hence the 
nutritional requirements during lactation are even greater than 
during pregnancy.

Energy
A lactating woman secretes about 800 mL of milk everyday 
during early pregnancy, which provides about 550 kcal to the 

infant. The mother converts food energy into milk energy with 
an effi ciency of about 80 per cent. But she deposits some addi-
tional fat during pregnancy which she should lose during lacta-
tion. Therefore the ICMR recommends an additional intake of 
550 kcal/day during the fi rst 6 months of lactation. If lactation 
continues longer, the milk output is often reduced. Therefore 
the additional allowance for the next 6 months of lactation is 
400 kcal/day.

Nutrients
The requirement for protein, iron, calcium and vitamins contin-
ues to be high during lactation. Therefore the general principles 
applicable during pregnancy also apply during lactation. The 
additional needs for nutrients can be met with more easily if 
the additional energy intake is in the form of a well balanced 
diet.

Other Considerations
Condiments and spices should be avoided during lacta-
tion because their odour may enter the milk thereby making 
it unpleasant for the baby. Frequent meals make it easier to 
achieve the desired energy intake.
 Pregnancy and lactation constitute important physio logical 
states with nutritional implications of far reaching conse-
quences for the present and future of the society.
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7.10
Nutrition during Infancy 

and Childhood

Besides the hackneyed importance of looking after chil-
dren well for the sake of the future of the world, there are 
also important physiological reasons why the nutrition of 
children deserves special attention. Child hood is a period of 
rapid growth. Therefore chil dren need more energy in rela-
tion to their body weight, and also need more of body building 
ingredients. Hence the quantity as well as quality of a child’s 
diet assume importance. Further, much of the postnatal brain 
growth takes place during the fi rst two years of life. Any retar-
dation in mental development due to poor neurogenesis is 
essentially irreversible. And the impact of suboptimal mental 
faculties on the quality of life is more serious than that of poor 
growth. Finally, the capacity of a child’s stomach, and conse-
quently meal size, is limited. Therefore in order to meet their 
enormous nutritional require ments, children have to eat more 
frequently, and fi nd an increase in the caloric density of their 
meals benefi cial.

NUTRITION FROM BIRTH ONWARDS
The recommended dietary allowances for different age groups 
from birth onwards are given in Table 7.8.2. Till the age of 6 
months, all nutritional requirements can be, and ideally should 
be, met by breast milk. Breastfeeding may be continued longer, 
but after the age of 6 months, breast milk, or any milk that the 
child is taking, should be supplemented with semisolid foods. 
After the age of one year, the quantity of supplements should 
steadily increase, and their consistency should become more 
solid. Finally, by the age of about two, the child should be able 
to eat almost everything which the adults in the family eat. 
With this brief outline as a background, we shall now discuss 
some important points of interest in child nutrition.

ADVANTAGES OF BREASTFEEDING
One may ask why a newborn must be breastfed. Is there no 
other way of providing adequate nutrients to an infant? Don’t 
we have the example of a whole generation of highly success-
ful bottle-fed individuals in western Europe and north America. 
If they have achieved good physical and mental growth, and a 
long life span, in spite of being bottle-fed, why can’t we? First, 
the West is also turning to the breast; and secondly, the brief 

20th century Western experiment cannot be duplicated simply 
anywhere and at any time due to important socio econo mic rea-
sons. Hygiene is the fi rst casualty in bottle-fed babies in devel-
oping tropical countries like India. In order to provide a clean 
bottle, nipple and milk, thorough boiling and refrigeration are 
essential. The parents often cannot afford even the fuel required 
for boiling, leave aside the refrigerator. The cost of formula 
feeds is also so high that the parents often dilute the feed exces-
sively to stretch the supply. The result is that the child gets 
inadequate quantities of unhygienic feed. If a child could be 
given adequate quantity of formula feeds in a hygienic manner, 
satisfactory feeding can be achieved, as the Western experi-
ence has shown. But even this satisfactory bottle-feeding is not 
as good as breastfeeding because of some special features of 
breast milk, which have been summarized below:
1. Breast milk is sterile.
2. Breast milk is convenient to give and is generally readily 

available.
3. Breast milk is delivered to the baby at the right temperature.
4. Breast milk is neither too concentrated nor too dilute.
5. Breast milk is inexpensive. Ordinary foods such as cere-

als, legumes and vegetables are converted into milk with 
more than 80% effi ciency, so that breast milk costs about 
the same as the simple food which the mother eats.

6. There is rarely a chance of allergy to breast milk.
7. Breast milk is easily digestible.
8. There is no danger of overfeeding a breastfed baby.
9. Breastfeeding brings the mother and the child physically 

and psychologically closer to each other.
10. Suckling stimulates oxytocin release, which besides ejecting 

milk from the breast, also contracts the uterus. Contraction 
of the uterus after delivery helps in speedier and more com-
plete involution of the uterus.

11. Breastfeeding inhibits ovulation and normal menstrual 
cycles, thereby inducing a contraceptive effect which helps 
in spacing out children and limiting the size of the family.

12. Women who breastfeed are less likely to get breast cancer.
13. The composition of breast milk changes with the age of 

the child. From delivery until 5 days postpartum, the milk, 
known as colostrum, has a lower energy content but much 
higher lactoferrin and antibody content than mature milk. 
The concentration of these proteins continues to be high in 
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transitional milk which is secreted from the 6th to the 15th 
day postpartum. High concentration of these proteins is 
likely to protect the newborn against infections. Mature milk 
is secreted from the 15th day postpartum. Slow changes in 
the compo sition of mature milk continue throughout lacta-
tion but the signifi cance of these changes is not understood.

14. It has been observed that in mothers who deliver prema-
turely, the concentration of antibodies continues to be high 
longer than in mothers who deliver full-term babies. This 
may provide welcome additional protection to the vulner-
able premature infant. There are other differences also in 
the compo sition of preterm milk as compared to term milk, 
the signifi cance of which is not understood.

 It is tempting to believe that changes in the compo  sition 
of breast milk with the age and matu rity of the infant are 
related to the changing nutri tional require ments of the 
infant. Such tailor-made milk would be diffi cult to provide 
from any other source.

15. The composition of breast milk differs from one species to 
another. The well-known differences between cow’s milk 
and human milk have been shown in Table 7.10.1. However, 
today we know that this comparison is superficial and 
incomplete. There are fi ner differences between human and 
cow’s milk in terms of the nature of proteins, their amino 
acid profi le, the fatty acid profi le of fats, and micronutri-
ent composition. The awareness of innu merable biochemi-
cal differences between animal milk and human milk has 
made scientists realise that any attempt to manipulate the 
compo sition of animal milk to make it mimic human milk 
is doomed for failure. A few unique biochemical features of 
human milk, the signifi cance of which is known, are given 
below.

Anti-infective Properties
Human milk has a high count of lymphocytes, neutro phils 
and macrophages which confer nonspecifi c as well as spe-
cifi c immunity. The high concentration of anti bodies, specially 
in colostrum, transitional milk and preterm milk has already 
been mentioned. Lactoferrin is an iron binding protein which 
competes with iron-deman ding bacteria for iron available in 
the gastro intestinal tract, thereby reducing the growth of these 
bacteria. The lactoferrin concentration of human milk is much 
higher than that of animal milk. The concentration of lysozyme, 
an antibacterial enzyme, is 3000 times higher in human milk 
than in cow’s milk. All these features make the anti-infective 
properties of human milk superior to those of any other milk.

Digestive Properties
Casein present in human milk is more easily digested than 
that in cow’s milk. The higher concentration of lacto  ferrin in 
human milk possibly prevents iron overload during the fi rst 
few months of iron adequacy. The presence of folate and 
cobalamin binding proteins in human milk suggests that these 
proteins assist the absorp tion of the corresponding vitamins. 
The higher concentration of lactose in human milk promotes 
calcium absorption. There are several lipases also present in 
breast milk, the most important of which is the bile salt stimu-
lated lipase (BSSL). Milk lipases assist the endogenous lipase 

in lipid digestion, which is an important function because 
lipid digestion is poor in the newborn, specially the preterm 
newborn.

Growth Factors
The human milk has been found to have several growth pro-
moting factors such as epidermal growth factor (EGF), insulin 
and somatomedin-C.
 In summary, now it is considered well established that 
breast milk is the best for the baby, and human breast milk is 
superior to animal milk for the human infant. No substitute can 
come close to breast milk even under the best circumstances. 
And, under the circumstances prevailing in tropical develop-
ing countries like India, breast milk substitutes are simply 
disastrous.

SUPPLEMENTS
As regards semisolid and solid supplements for children above 
6 months of age, simple supplements are the best. These 
include khichri, chapati and dal, chapati made from mixed atta 
(e.g. wheat and soyabean or wheat and Bengal gram), banana, 
mashed boiled potato with curd, toast, biscuits, boiled vegeta-
bles, and fruits.

The Protein Myth
There is a widespread notion that since children need more 
protein, they should have special high-protein foods. Let us 
examine this concept critically (Table 7.10.2). If we compare 
the needs of an adult with those of a one-year old child, we fi nd 
that the child needs only 6% of its caloric intake in the form 

Table 7.10.1: Comparison of the composition of 
human milk and cow’s milk

          Per 100 g milk

  Human milk Cow’s milk

 Water (g) 87 87
 Energy (kcal) 70 70
 Carbohydrate (g)  7 4.8
 Fat (g)  3.8 3.7
 Protein (g)  1.2 3.3

Table 7.10.2: Protein requirements of an adult
compared with those of a child

 Recommended Allowance Protein-energy

Age Body weight Energy Protein Protein Protein 
 (kg) (kcal) (g) calories calories/
    (kcal) total
     energy (%)

Adult* 60 2875 60 240 8.3%
1 year  9  909 13.5**  54 5.9%

*Moderately active male
**On the basis of 1.5 g/kg body weight
(From Bijlani RL. Nutrition : A Practical Approach. New Delhi: Jaypee 
Brothers, 1992 : 78).
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of protein while an adult needs 8%. Since a mixture of cereals 
and pulses provides at least 10% of the calories in the form 
of proteins, the mixture can serve as a staple for both children 
and adults. This is so because although children need more 
protein per kg body weight, they also need more energy per 
kg body weight. That is why children do not need any special 
high protein foods. The main concern in both child and adult 
nutrition is to provide adequate quantity of food in the form 
of ordinary foods such as cereals and pulses. If the quantity of 
food (energy content) is enough, quality (protein content) takes 
care of itself.

TIPS FOR FEEDING CHILDREN
Although the same foods can meet the nutritional require ments 
of children and adults, children need some special considera-
tion because children are not simply small adults. First, chil-
dren have a small stomach and therefore their capacity to eat 
is limited. Therefore their heavy nutritional needs can be met 

only by increasing the meal frequency and by increasing the 
caloric density of food. The caloric density may be increased 
by adding butter or oil to foods whenever feasible. Some other 
tips for feeding children are given below:
1. New foods should be introduced one at a time. This facili-

tates discovery of the child’s preferences and also identifi -
cation of any food to which the child may be allergic.

2. The child should be served a varied menu with love and 
tact.

3. There should be no rigidity about forcing on the child a food 
which the child dislikes.

4. Junk foods such as cold drinks and candy should be mini-
mised. These foods may crowd out the appetite leaving lit-
tle room for better foods. The disadvantage of junk foods 
is that they may provide energy but not the proteins, vita-
mins and minerals which are coupled with calories in better 
foods.

 With these general principles in mind, a child can be pro-
vided a satisfactory diet without much hassle or expense.
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8.1
Getting Introduced

to the Kidneys

Life, it appears, originated in the sea. Unicellular orga nisms 
found in the sea are among the most primitive surviving organ-
isms. Their metabolic waste products are discharged directly 
into the sea. Continual discharge of waste products helps them 
in maintaining optimum intra cellular environment for normal 
biological functions. Careless dumping of waste products into 
their immediate surroundings does not affect their extracellu-
lar environ ment either; the small amount of waste produced by 
these microscopic organisms gets diluted in the vast expanse 
of water surrounding them. Evolution of simple multi cellular 
organisms like sponges and coelenterates was still compatible 
with this simple mode of excretion. A large surface area of each 
cell of these animals is in direct contact with the surrounding 
sea water, into which waste products can conveniently dif-
fuse. Study of more complex animals reveals how evolution-
ary forces have mastered the dual challenge of multicellular-
ity and change of environment from the sea to fresh water, 
land or air. It is remarkable that every cell of even the most 
complicated animals carries with it a microenvironment in the 
form of interstitial fl uid which closely resembles sea water in 
its composition. Keeping the composition of this environment 
constant is the principal function of the various systems of the 
body. The waste products produced by the body are principally 
carbon dioxide and nitrogenous waste products. Carbon diox-
ide, being gaseous, is easily got rid of by the lungs. Nitrogen 
is also discharged in a gaseous form, as ammonia, in unicel-
lular and simple multicellular animals. But it is too toxic to be 
a suitable medium of excretion in animals who do not have the 
almighty sea around them to dump it in. Terrestrial animals 
excrete nitrogen either as urea or uric acid, which are both sol-
uble in water. The metabolic cost of manufacturing uric acid is 
more, but it has the advantage that it can form supersaturated 
solutions, and thereby helps in the conservation of water. The 
structural arrangement for excreting urea or uric acid in non-
chordates like worms and also in some primitive chordates is a 
series of tubules, one end of which is blind and one open. The 
blind end fi lters the waste products from the body cavity and 
conducts them to the surface of the body. In vertebrates, the 
tubules have got conso lidated in the form of two kidneys. The 
tubules (called nephrons), instead of opening individually on 
the surface of the body, funnel their product (urine) through the 
two ureters into the urinary bladder, which, in turn, dis charges 
the urine to the exterior periodically.

 The general scheme of urine formation resembles the tech-
nique often employed to clean a messy cupboard. First we 
remove everything from it. Then we classify the things which 
we have removed into junk, which we throw; and useful arti-
cles, which we replace back in the cupboard. In the same way, 
the fi rst part of the nephron fi lters the blood and removes eve-
rything except cells and proteins. In the next part of the neph-
ron, most of the water and useful substances such as glucose 
and amino acids are absorbed back into the blood. In case of 
the cupboard, often on second thought, we discard some more 
articles, and we may also pick up a few articles from the dust-
bin. When we are sure, we discard the contents of the dustbin. 
Similarly, in the subsequent parts of the nephron, some more 
constituents of the plasma are secreted into the fi ltrate, and 
some constituents of the fi ltrate are reabsor bed into the blood. 
Finally, what is left of the fi ltrate is discarded as urine.

FUNCTIONAL ANATOMY
Kidneys are often described as bean-shaped; on the other hand 
a popular variety of beans is called kidney beans. Either of 
these expressions can be considered more appro priate accord-
ing as one is more familiar with beans or kidneys. The kidney 
owes its characteristic shape to a rather deep indentation on its 
medial edge. The inden tation is called the hilus. It is here that 
the renal artery and nerves enter, and the renal vein, lymphat-
ics and ureter leave the kidney. The gross internal structure of 
the kidney can be seen in a longitudinal section (Fig. 8.1.1). 
The kidney has two layers—an outer cortex, which is red, and 
an inner medulla, which is lighter in colour. The difference in 
colour is due to the difference in vascu larity, which in turn is 
related to function. It is in the cortex that all fi ltration and bulk 
of reabsorption take place, and hence the richer blood supply. 
The cortex appears granu lar because it contains the glomeruli, 
Bowman’s capsules, and the tortuous convoluted tubules. The 
medulla has a striated appearance because it contains largely 
straight running portions of the nephron (see below).

The Nephron
The structural and functional unit of the kidney is called a 
nephron. Each kidney contains approximately one million 
nephrons, which means that we altogether have two million 
nephrons each. We are born with our full quota of nephrons. 
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Growth of the kidneys occurs by increase in the size of indi-
vidual nephrons. They do not divide during life, not even 
when many of them die due to a disease process. Thus, loss 
of nephrons is irreversible. That is why diseases in which the 
function of both kidneys gets grossly impaired through loss of 
nephrons can be treated only by an ‘artifi cial kidney’ or renal 
trans plantation.
 The structure of a nephron (Fig. 8.1.2) is a combination of 
a fi ltration apparatus and a long tubule in which the compo-
sition of the fi ltrate can be altered by reabsorption and secre-
tion. Each nephron is about 5 cm long but appears less due to 
the convolutions in the proximal and distal tubules. The total 
length of nephrons in both kid neys is thus about 100 km, 
i.e. more than the distance bet ween Delhi and Mathura. The 
diameter of different segments of the nephron varies from 10 
to 60 microns. The detailed structure of different portions of 
the nephron reveals a remarkable correlation between structure 
and function.

The Filtration Surface
The filtration surface is composed of loops of capillar-
ies, 4-6 of which arise from the afferent arteriole of each 
nephron. The tuft of capillary loops forms the glomeru-
lus. Although, strictly speaking, glomerular capillaries are
not a part of the nephron, functionally they are inseparable 
from it. The glomerulus lies within a space, the peripheral wall 
of which is called the glomerular capsule (Bowman’s capsule). 
The glomerulus and Bowman’s capsule together are sometimes 
spoken of as the malpighian body. On electron microscopy, the 
glomerular capillaries show a characteristic structure different 
from capillaries anywhere else in the body (Fig. 8.1.3).
 In addition to the usual endothelial cell layer, the wall of 
these capillaries also has a well-defi ned basement membrane 
and epithelial cell layer. The endothelial cell layer shows fenes-
trations about 40 to 100 nm in diameter. The fenestrations are 

Fig. 8.1.1: The urinary system and adrenal glands. The right adrenal 
and left kidney have been shown in longitudinal section.

Fig. 8.1.2: Schematic representation of a nephron.

Fig. 8.1.3: Diagrammatic representation of structural features of the 
fi ltration surface.
A. Bowman’s capsule with one capillary. The arrow indicates the 

layers through which the capillary fl uid has to pass before it 
appears as ultrafi ltrate in the Bowman’s space.

B. The three principal layers of the fi ltration surface. The arrows 
indicate the path traversed by the ultrafi ltrate.

in the form of punch-holes having a thickness of about 30 to 40 
nm. Such wide pores would allow any plasma protein molecule 
to escape. But the glomerular fi ltrate is free of proteins. The 
explanation is provided by the basement membrane and epithe-
lial cell layer. The inner layer of the basement membrane has 
been shown to stop the passage of molecules greater than 10 
nm in diameter. Each epithelial cell, called podocyte (podos, 
foot; kytos, cell) has branched processes (foot processes) which 
interdigitate with the processes of contiguous cells. The foot 
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processes leave slits about 25 nm in width. These slits are 
fi lled with a polysaccharide and sialoprotein coating so that the 
functional width available for passage of molecules is much 
less. Functional studies have shown that the fi ltration surface 
severely retards the passage of molecules larger than about 6 
nm. Further details of the process of fi ltration have been dis-
cussed in the next chapter.

The Urinary Tubule
The urinary tubule is divided into a number of segments prima-
rily on the basis of the type of epithelium that lines the lumen. 
The basement membrane that surrounds the epithelium is the 
same all through except at the macula densa (see below).
Proximal convoluted tubule This is the fi rst portion of the 
tubule. It is lined by cells which resemble truncated pyramids. 
On their luminal surface they bear a large num ber of fi ne proc-
esses called microvilli. At their base they have a large number 
of mitochondria. The cell membrane invaginates between the 
mitochondria giving rise to processes lined by a double layer of 
the cell membrane. The processes of neighbouring cells inter-
digitate with each other, forming a network. Thus the surface 
area of these cells is enormously increased on both sides—on 
one side by microvilli, and on the other by cyto plasmic pro-
cesses. This large surface area coupled with vigorous meta-
bolic activity as shown by the large number of mito chondria 
are in keeping with the large scale active transport performed 
by these cells. The proximal tubule reabsorbs more than two-
thirds of the salt and water in the glomerular fi ltrate.
The loop of Henle The proximal convoluted tubule narrows 
abruptly to con tinue as the loop of Henle. The length of the 
loop depends upon the position of the glomerulus. The majo-
rity of the nephrons originate in the cortex and their loops of 
Henle are short. The nephrons which originate at the junction 
of the cortex and medulla, on the other hand, have long loops 
which penetrate deep into the medulla. Thus the length of the 
thin segment can vary from 0.5 to 20 mm.
 The cells lining the thin segment of the loop of Henle are 
fl attened and have very short and sparse microvilli and very 
few mitochondria. This structure is in keeping with the fact that 
in this area of the nephron, there is little active reabsorption 
and secretion. Though there is no apparent structural differ-
ence between the thin descend ing and ascending limb, there 
appears to be a functional difference. In the descending limb, 
water moves passively in response to osmotic forces, while the 
ascending limb is thought to be relatively impermeable to water 
and to be able to transport sodium actively. The thick ascend-
ing segment also has the functional characteristics of the thin 
ascending limb, but the cells lining it show an abrupt structural 
change. They are cuboidal with numerous mitochondria, prom-
inent Golgi apparatus, but only occasional short microvilli. 
The basolateral surfaces of the cells are deeply enfolded in a 
manner somewhat similar to the cells of the proximal tubule.
The distal convoluted tubule The epithelial cells in the 
early part of the distal tubule are very similar to those of the 
thick ascending segment. However, there is a gradual change in 
structure, so that transverse section of the later part of the distal 
tubules resembles that of the collecting ducts (see below). The 
surface area of the distal convoluted tubular epithelium is not 

as extensive as that of the proximal tubule. The mitochon-
dria, and therefore, the metabolic activity is also not that high. 
This is in keeping with the fact that while the proximal tubule 
reabsorbs more than two-thirds of the glomerular fi ltrate, the 
distal tubule reabsorbs less than 15%. On the other hand, the 
distal tubular cells have poor permeability, which allows them 
to reabsorb substances against high electrochemical gradients 
without the problem of rapid back-diffusion. That is why the 
distal tubule can play an important role in deter mining the fi nal 
composition of urine. A small portion of the distal tubule which 
is adjacent to the afferent arteriole is called the macula densa 
and its structure is different from that of the rest of the distal 
tubules.
Collecting ducts The epithelial cells of the collecting ducts 
have very few short microvilli on the luminal surface, and the 
peritubular surface is only slightly enfolded. They are cuboidal 
in the proximal portions and are very similar to those of the 
distal part of the distal tubule. As the duct approaches the renal 
papilla, the cells become progres sively columnar and show 
fewer mitochondria, vesicles and ribonucleoprotein granules. 
This correlates well with progressively decreasing active and 
hormone-sensitive transport mechanisms.

Renal Circulation
A peculiar feature of blood vessels of the kidney is that the 
afferent arteriole breaks up into the glomerular tuft of capillar-
ies which open into the efferent arteriole. The efferent arteriole 
again breaks up into another set of capillaries around the renal 
tubules before forming venous channels. In case of cortical 
nephrons, all divisions of the efferent arteriole participate in 
forming a network of peri tubular capillaries. But the efferent 
arterioles of juxta medullary nephrons also give rise to some 
capillaries which dive straight into the deeper layers of the 
medulla. Because of their straight course, these loops of capil-
laries are called vasa recta (vas, vessel; rectus, straight). The 
functional importance of the vasa recta will be discussed later 
(Chapter 8.3).

Renal Innervation
The kidneys are supplied by sympathetic nerves origi nating in 
the twelfth thoracic through the second lumbar segments of the 
spinal cord. The post-ganglionic fi bres travel along the arter-
ies, are adrenergic, and cause vaso cons triction. Their supply is 
restricted to blood vessels upto the level of afferent arterioles. 
The glome rulus and efferent arterioles do not have any nerve 
supply. There is histochemical evidence for cholinergic nerves 
to the kidney but they are fewer than the adrenergic nerves. 
Their functional signifi cance is still not clear.

NON-EXCRETORY FUNCTIONS OF THE KIDNEY
The best studied and most obvious function of the kid neys in 
which most of the renal mass participates is excretion of waste 
products. But when a patient dies in renal failure, accumula-
tion of metabolic waste products like urea is merely an associ-
ated feature, not the imme diate cause of the death. The usual 
causes of death are disorders of water, electrolyte and acid base 
balance. Further, the patient also shows arterial hypertension 
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and anaemia. This suggests that the kidney has other func tions 
besides excretion. Some non-excretory functions of the kidney 
are discussed briefl y below.

1. Juxtaglomerular Apparatus and Renin Production
The ascending limb of the loop of Henle proceeds towards 
its own glomerulus, so that a portion of the distal convolu-
ted tubule comes to lie very close to the afferent and efferent 
arteriole. At this juncture, there is a bunch of small cells with 
scanty cytoplasm. Their cytoplasm is agranular and they are 
arranged in columns. These cells constitute the polar cush-
ion. The polar cushion, together with the adjoining portion of 
afferent arteriole and distal tubule form one functional unit 
called the juxtaglomerular apparatus (JGA). The proximity 
of the efferent arteriole to the JGA has no known functional 
signfi cance.
 In the region of the JGA, the afferent arteriole and distal 
tubule reveal structural changes. The tunica media of the affer-
ent arteriole, which elsewhere has smooth muscle cells, here 
has large, epithelioid cells having prominent granules in their 
cytoplasm. These granules are thought to contain a protein, 
renin. The cells of the distal tubule facing the JGA are tall and 
columnar and contain shorter mitochondria, which are dissemi-
nated throughout the cytoplasm, unlike the other cells of the 
distal tubule which are cuboidal and have tall mitochondria 
concentrated at the base of the cells.
 The structural specialization at the JGA seems to have a 
lot of functional importance, not the whole of which is under-
stood. When the hydrostatic pressure in the afferent arteriole 
is reduced, renin is released from the granules present in the 
afferent arteriole. Renin enters the general circulation and 
acts as an enzyme. It splits a decapeptide, angiotensin I, from 
angiotensinogen, the alpha-2-globulin fraction of plasma pro-
teins. Angiotensin I is acted upon by a conver ting enzyme 
which splits two amino acids from it, giving the octapeptide, 
Angiotensin II. The converting enzyme is present in large 
amounts in the lungs; however, small amounts are also present 
in the kidneys and plasma. Angiotensin II is a very potent 
vasoconstrictor and thereby increases the peripheral vascular 
resistance, raising the blood pressure. The renal blood vessels 
are also affected, and thereby the hydrostatic pressure in the 
afferent arteriole is raised. Thus this mechanism is likely to be 
important in regulation of systemic blood pressure, as well as 
renal blood fl ow.
 Besides vasoconstriction, angiotensin also stimulates the 
release of aldosterone, the sodium and water retaining hor-
mone of the adrenal cortex. Retention of salt and water raises 

the blood pressure. Thus this is an indirect way by which renin 
maintains blood pressure. It is of particular importance when 
fall in blood pressure is due to salt or extra cellular fl uid volume 
depletion. In view of this func tion, it is tempting to look for 
a sodium sensing mecha nism within the JGA. There is some 
controversial evi dence that the cells of macula densa might 
have this role.

2. Erythropoietin Production
Kidneys manufacture a factor, erythropoietin, which stimulates 
erythrocyte production. The rate of synthesis of erythropoietin 
depends upon the level of oxygen tension in the blood. The 
mechanisms for sensing oxygen defi cit as well as producing 
erythropoietin appear to be located in the same cells. The exact 
site of erythropoietin production in the kidney is not known 
but may be in the glomerulus or the juxtaglomerular apparatus. 
Thus erythro poietin can be considered a hormonal product of 
kidneys which acts in the bone marrow.

3. Production of Active Form of Vitamin D
Vitamin D is not active in the form in which it is ordinarily 
ingested. It is fi rst converted into the 25-hydroxy form in the 
liver and then further hydroxylated to the 1,25-dihydroxy form 
in the kidney. The alteration in the kidney is regulated by the 
parathyroid glands. Thus the kidney may be considered an 
endocrine organ that manufactures the hormone ‘1,25-dihy-
droxyvitamin D3’, which acts in the intestines to elevate serum 
calcium and phosphate concentrations.

4. Prostaglandin Synthesis
It has been well-established that kidneys are among the 
organs which synthesize and metabolize prostaglandins. 
Prostaglandins have widespread effects. Within the kidney, 
prostaglandins dilate the blood vessels and facili tate water 
and sodium excretion. There is some evidence which suggests 
that they might contribute to the auto regu lation of renal blood 
fl ow. Evidence for the role of prostaglandins in salt and water 
homeostasis is rather equivocal. Although prostaglandins have 
signifi  cant vasodilator effect in many vascular beds of the body, 
it has not been possible to establish their role in maintain ing 
normal blood pressure or in the pathogenesis of hyper tension 
on the basis of intrarenal or blood pros taglandin levels.

5. Regulation of Acid-Base, Water and
Electrolyte Balance

These extremely important functions of kidney have been dealt 
with at some length in Chapter 2.11 and Chapter 8.3.
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8.2
Mechanism of

Urine Formation

The foundations of renal physiology were laid by William 
Bowman and Karl Ludwig who combined the powers of acute 
observation and daring imagination. Bowman, in 1842, and 
Ludwig, in 1844, published their independent observations 
on the anatomy of the kidneys of a large number of species. 
Along with the structural details they also published their 
views about the mechanism of urine formation. Bowman pos-
tulated that water and some salts escape from the glomerular 
capillaries. The bulk of solutes, he felt, was added to the urine 
by the epithelial cells of urinary tubules by an active secre-
tory process. Thus he proposed fi ltration and secretion as the 
two mechanisms which led to urine formation. Ludwig, on the 
other hand, held a different view of the mechanism of urine 
for ma tion. He thought a protein-free fl uid is fi ltered through 
the glomeruli, from which some water gets reab sor bed in the 
urinary tubules as a result of the interaction of hydrostatic 
and osmotic pressures within and outside the tubules. Thus he 
proposed a combination of fi ltration and reabsorption as the 
mechanism of urine formation. Some experimental support for 
Bowman’s theory was provided by Rudolf Heidenhain in 1874, 
who demons trated staining of tubular cells by various excreted 
dyes, thereby providing evidence for secretory activity of tubu-
lar cells. The controversy between the secretory and reabsorp-
tive theories continued till 1938 when Alfred Richards and his 
associates devised the micropuncture technique for obtaining 
small quantities of fl uid from specifi c portions of the urinary 
tubules of amphibian kidneys. Quantitative analysis of the 
fl uid revealed that, in fact both reabsorp tion and secretion took 
place in the tubules. The fi ndings of Richards were confi rmed 
by Walker and his co-workers in 1941 on mammalian kidneys 
as well. Today the evidence is incontestable that urine forma-
tion involves three basic processes: fi ltration, reabsorption and 
secretion (Fig. 8.2.1).
 The next major advance in renal physiology occurred 
in 1942 when Werner Kuhn described a physical model 
by which the loop of Henle, dipping into the renal medulla, 
could produce a concentrated urine. His counter current multi-
plier hypothesis has been further elaborated by his colleagues 
Hargitay and Wirz, and is widely accepted.

Fig. 8.2.1: The three basic processes involved in formation of 
urine. 1. Filtration; 2. Reabsorption; 3. Secretion (Reproduced, with 
permission, from Bijlani RL, Manchanda SK. The Human Machine, 
New Delhi: National Book Trust, India, 1990, Fig. 29, p. 77. Courtesy: 
National Book Trust, India).

1 Filtrate in the Bowman’s capsule or the lumen of any other part of the renal tubule is essentially outside the body unless it is reabsorbed. The situation 
is similar to the gut where any food in the lumen is essentially outside the body unless it is absorbed.

 Now we shall consider the process of fi ltration, reabsorp-
tion and secretion in some detail.

GLOMERULAR FILTRATION
The fi rst step in the formation of urine is fi ltration through the 
glomerular capillaries.1 Though the suggestion that fi ltration 
occurs in the glomerulus was made more than a century ago by 
both Bowman and Ludwig, experi mental evidence that it does 
actually take place is only about half a century old. The evi-
dence is mainly along two lines: fi rstly, the composition of the 
fl uid obtained from Bowman’s capsule by micropuncture tech-
nique conforms to that theoretically expected in a protein-free 
fi ltrate of plasma; secondly, the hydrodynamic forces existing 
in the glomerulus and Bowman’s capsule are not only suffi cient 
to allow but also tempting enough to prompt us into believing 
that fi ltration does take place across the glomerular capillaries.

The Filtration Surface
The concentration of various substances in the fi ltrate is the 
same as in the plasma except that the fi ltrate contains almost 
no proteins and that it contains a little higher concentration of 
chlorides in accordance with the Gibbs Donnan equilibrium. 
The fi ltration surface is a three-layered structure (Fig. 8.1.3): 
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endothelium, basement membrane, and epithelium. However, 
even the three layers put together do not provide an adequate 
structural basis for the degree of sieving achieved during fi l-
tration. The fenestrations in the endothelium are more than 
50 nm in diameter, and the slits between the foot processes 
of epithelial cells are 25 nm wide. That leaves only the base-
ment membrane to account for the fi ltration surface behaving 
as if it has pores only 6 nm in diameter. The bsement mem-
brane has no clear pores but possibly allows fi ltration through 
tortuous channels running through its glycoprotein network. 
A further functional barrier is added by the fact that the base-
ment membrane glyco proteins are strongly negatively charged. 
Similarly char ged proteins are believed to be present also in 
the slits in the epithelial layer. That is why the fi ltration sur-
face is almost impermeable to plasma proteins which are 
nega tively charged. The passage of neutral or positively char-
ged molecules of comparable diameter is not so difficult. 
Functionally, the fi ltration surface makes the passage of mol-
ecules with a diameter greater than 3 nm increasingly diffi cult. 
The surface is essentially impermeable to molecules larger 
than 9 nm.

Factors Determining Glomerular Filtration Rate
There is a considerable hydrostatic pressure gradient favour-
ing fi ltration across the glomerular capillaries. But this force 
gets truncated by the osmotic pressure of the plasma proteins 
present in the capillaries (Table 8.2.1). The osmotic pressure of 
plasma proteins (30 mmHg) shown in the table is higher than 
the usually quoted fi gure because in the glomeruli the proteins 
get concentrated through loss of water during the process of 
fi ltration. In man, the resting glomerular fi ltration rate (GFR) is 
about 120 mL/min, the renal plasma fl ow being about 600 mL/
min. Thus about one-fi fth of the plasma passing through the 
kidneys is fi ltered. This is expressed by saying that the fi ltra-
tion fraction is 0.2/1.0 or simply 0.2.
 Mathematically, GFR = K[(PG – PB) – (OPG – OPF)],
 where
 PG = hydrostatic pressure in the glomerulus,
 PB = hydrostatic pressure in the Bowman’s capsule,
 OPG = osmotic pressure in the glomerulus,
 OPF = osmotic pressure of the glomerular fi ltrate, and K is 
a constant dependent upon the permeability and surface area of 
the glomerular capillary membrane.
 Since OPF is negligible, one might say GFR = K (PG – 
PB – OPG)
 Using the fi gures given in Table 8.2.1,
 GFR = K (60 – 15 – 30) = K × 15
 In man, GFR = 120 mL/min
  120 = K × 15
 or K = 8 mL/min/mmHg
 This means that the glomeruli of both kidneys of an aver-
age man allow 8 mL of fi ltrate to be formed every min for 
every mmHg pressure gradient. It has been estimated that the 
total surface area of glomerular capil laries of both kidneys of a 
man is abouit 0.8 square metre. Hence the permeability of the 
glomerular capil laries comes to 10 mL/min/mmHg/m2. This 
is several hun dred times the permeability of skeletal muscle 
capillaries.

 The above calculations also make it clear that if a disease 
process reduces the permeability of glomerular capillaries by 
producing a thickening of the capillary membrane, the fi ltra-
tion rate would be reduced. Also, if the nephron population 
is reduced by their destruction in the course of a disease, the 
total surface area of glome rular capillary membrane would be 
reduced, thereby reducing the fi ltration rate. However, in such 
instances the fi ltration rate is maintained at a nearly normal 
level up to a certain stage of the disease by compensatory 
hypertrophy of the surviving nephrons. There is no for mation 
of new nephrons.

Regulation of Glomerular Filtration Rate
From the above discussion, it can be deduced that in a nor-
mally functioning kidney, the glomerular capillary hydro-
static pressure is the most important determinant of GFR. The 
glomerular capillary pressure can be incre ased by a dilatation 
of the afferent arterioles, or a constric tion of the efferent arte-
rioles; a decrease would be produced by opposite changes. In 
practice, however, it is the afferent arteriolar tone which is 
altered much more frequently. Though the afferent arterioles 
are supplied by constrictor sympathetic nerves, renal blood 
flow and GFR remain constant in spite of denervation. It 
appears that the regulation is largely myogenic. An increase 
in renal arterial blood pressure would stretch the afferent arte-
riolar musculature, thereby stimulating it to contract. This 
tends to maintain the renal blood fl ow as well as glomerular 
capillary pressure and consequently GFR constant in spite of 
raised arterial pressure. An opposite mechanism comes into 
play if the blood pressure falls. The intrinsic mechanisms 
within the kidney for regulation of blood fl ow in the face of 
changes in arterial blood pressure are known as autoregulation. 
There is a wide but limited range within which autoregulation 
operates.
 When the renal arterial pressure rises above the autoregula-
tory range, the GFR still does not rise, i.e. the fi ltration fraction 
falls. It appears that this is achieved mainly by a decrease in 
efferent arteriolar resistance.
 When the renal arterial blood pressure falls below the 
autoregulatory range, the GFR falls even more rapidly than 
renal blood fl ow, i.e. the fi ltration fraction decreases.

REABSORPTION AND SECRETION
The glomerular fi ltrate passes through the long and tortuous 
urinary tubules. During its passage through the tubule, it is 

Table 8.2.1: Factors determining the effective
fi ltration pressure

Forces favouring fi ltration
Glomerular capillary pressure, hydrostatic 60 mmHg
Filtrate protein osmotic pressure 0 mmHg
 Total: 60 mmHg
Forces opposing fi ltration
Bowman’s capsule pressure, hydrostatic 15 mmHg
Plasma protein osmotic pressure 30 mmHg
 Total: 45 mmHg
Net effective fi ltration pressure 15 mmHg
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considerably modifi ed by removal of many subs  tances (reab-
sorption)2 and the addition of some (secre tion). Tubular trans-
port, be it reabsorption or secre tion, takes place by active or 
passive mechanisms in accordance with the physical principles 
outlined in Chapter 1.4.

Reabsorption
An adult man forms, on an average, about 120 mL of glomeru-
lar fi ltrate every minute. That comes to 120 × 60 × 24 mL, i.e. 
more than 170 litres in a day. If this entire volume were to be 
lost from the body, it would become a very diffi cult and time-
consuming job to replace it. Fortunately, only about 1% of this 
volume is actually lost. Besides water, many other substances 
like glucose, amino acids and electrolytes are also conserved 
by the body through reabsorption. The substances reabsorbed 
are sometimes classified into threshold and non-threshold 
substances.
 Threshold substances are transported by an active mecha-
nism, and hence there is an upper limit to the amount which 
can be absorbed. The upper limit is reached when the carrier 
mechanism responsible for active transport gets saturated.
 Non-threshold substances get reabsorbed by a passive 
mechanism. Their amount transported varies directly with the 
concentration present in the fi ltrate without any upper limit.

Secretion
Hydrogen ion is the only substance which cannot be ade-
quately got rid of by fi ltration. It is actively secreted into the 
tubular lumen. The quantity secreted is such as to contribute 
towards maintaining the internal environ ment constant so far 
as pH is concerned. Besides hydro gen ions, potassium ions are 
also secreted passively along an electrical gradient.

PLASMA CLEARANCE
The over-all function of the kidneys is to rid the body of cer-
tain constituents of the plasma. Useful information about how 
kidneys function, and how well they are func tioning in a given 
individual, can be obtained by quanti tative estimation of the 
same substance in plasma as well as in urine. For the purpose 
of illustration, let us take the case of urea. Let us assume that 
the concentration of urea in a given sample of urine (U) is 10 
mg/mL. Let the rate of urine formation in the individual (V) be 
1.4 mL/min. Then the amount of urea excreted would be 10 × 
1.4 = 14 mg/minute. Let the plasma concentration of urea (P) 
in the individual be 20 mg/100 mL, or 0.2 mg/ml. Therefore, 
the amount of urea excreted per minute would be con tained in 
14/0.2 = 70 mL of plasma. It may be put thus: 70 mL of plasma 
is capable of supplying as much urea as is excreted in the urine 
every minute. Another way to look at this situation is: 70 mL 
of plasma is completely cleared of urea by the kidneys in one 
minute. This 70 mL volume is called the ‘plasma clearance’, 
or just ‘clearance’ of urea in the individual. Mathematically, 
employing the same symbols as used in the example above,

Clearance = 
U × V

P
 It should be borne in mind that clearance is an imaginary 
volume arrived at through calculations. It is valuable as a con-
cept. But in order to be able to make full use of the concept, 
its limitations should be understood. For instance, in the above 
example, it is not clear how much plasma actually passes 
through the kidneys to supply the urea excreted. It is possible 
that more than 70 ml of plasma passed through the kidneys 
every minute, out of which urea was only partly removed. Or, 
may be all the urea was fi ltered from a volume larger than 70 
ml passing through the kidneys every minute, but some of it 
was returned to the blood by tubular reabsorption. However, if 
the clearance of a substance is compared with the clearance of 
another substance towards which the behaviour of kidneys is 
better understood, more infer ences can be drawn as explained 
below.
 The possibilities offered by clearance estimations were 
extensively employed by the pioneer renal physiologist, 
Homer Smith, and his colleagues. These estimations continue 
to be done in spite of the indirect conclusions which they 
permit. The reasons are the ease with which they can be done 
on human beings and the almost physiological state (no anaes-
thesia is required) in which they are performed.

Inulin Clearance as a Measure of GFR
If there be a substance that passes freely across the glome rular 
membrane but is neither reabsorbed nor secreted by tubular 
activity, its urinary excretion would represent the entire amount 
fi ltered, and nothing but the amount fi ltered. Hence its clear-
ance would indicate how much plasma gets filtered every 
minute. One such substance is Inulin, a polysaccharide of small 
enough molecular weight (about 5,200) to get fi ltered as easily 
as crystalloids or water. It is neither reabsorbed nor excreted by 
the kidneys. Further, it is neither metabolized nor synthesized 
by the kidneys, is non-toxic, and can be easily measured. All 
these features make it a very suitable substance for esti mation 
of glomerular fi ltration rate (GFR). The Inulin clearance, or 
GFR, in a normal adult human being is about 120 mL/min.
 Besides Inulin, the clearances of vitamin B12, ethylene-
diamine tetra-acetic acid (EDTA) and polyfructosan (MW 
3,000) are also quite reliable as indicators of GFR. Creati nine 
is not as accurate as the above substances because it is secreted 
in small amounts. But since it is a product of metabolism, and 
its level is fairly constant, it is very con ve nient to determine its 
clearance. That is why, clinically, creatinine clearance is used 
as an index of GFR quite frequently.

PAH Clearance as a Measure of Renal Plasma Flow
Imagine a substance that not only passes freely across the 
glomerular membrane but is also secreted by the tubules 
to such an extent that the plasma leaving the kidney does 
not contain that substance any more. In that case the entire 
plasma fl owing through the kidney would be cleared of the 

2 Reabsorption and absorption are often used synonymously in renal physiology. However, the more correct term is reabsorption because the process 
only returns to the bloodstream (or the body) what belonged to the body before fi ltration. Whatever is absorbed in the renal tubules had once earlier been 
absorbed in the gastrointestinal tract, and is therefore a repetition of the process.
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substance. Or, in other words, the clearance of the substance 
would give us the renal plasma fl ow (RPF). A substance which 
closely satisfi es this description is para-aminohippuric acid 
(PAH).
 The PAH clearance in a normal adult human being is abouit 
600 mL/min. PAH clearance underestimates RPF by about 
10% because it does not measure the plasma fl owing through 
those portions of the kidney which do not secrete PAH, viz., the 
renal medulla, perirenal fat, renal capsule, pelvis and calyces. 
Knowing RPF and the haematocrit, renal blood fl ow (RBF) can 
be calculated.
 However, in view of the fact that secretion of PAH involves 
an active process, there is an upper limit to the maximum 
that can be transported. Therefore the kidney excretes all the 
PAH that is presented to it only if the plasma level of PAH is 
below about 20 mg/100 mL. That is why PAH clearance can be 
equated with RPF only below this plasma level of PAH.

Some Wider Implications of the
Clearance Technique
The clearance technique can be applied to any substance han-
dled by the kidneys. Sometimes the clearance data is inter-
preted without necessary caution thus: if the clearance of a 
substance is less than Inulin clearance, it must be reabsorbed 
by the renal tubules; if it is more than Inulin clearance, it must 
be secreted. The most obvious error in this interpretation arises 
from the fact that the same substance might be reabsorbed as 
well as secreted, and clearance represents only the net result. 
For instance if 10 mg of a substance are fi ltered every minute, 
7 reabsor bed and 2 secreted, the excretion would be 5 mg/min. 
This might be interpreted as reabsorption of 50% of the amount 
fi ltered, thereby neglecting the considerable rate of secretion. 
However, coupled with the micro punc ture technique, clearance 
data can tell us quite a lot about the mechanism of excretion of 
substances.

TUBULAR LOAD
The glomerular fi ltrate is passed on to the proximal tubule. The 
proximal tubule and subsequent portions of the nephron are 
collectively called the tubule. All the substances present in the 
glomerular fi ltrate constitute a load for the tubule to handle. It 
may not look like a very good thought to consider a job or a 
duty as a load, but the term may appear less shameful if one 
looks at the quan tities involved. As seen above, the tubular load 
of water is about 170 litres per day, enough to fi ll ten medium 
sized buckets. The tubular load of other subs tances may also 
be easily calculated. The concen tration of fi ltered substances in 
the glomerular fi ltrate is approximately the same as in plasma, 
and the GFR is 120 mL/min. Thus the cocnentration of glucose 
in the glomerular fi ltrate is about 100 mg/100 mL. Hence 120 
mL of fi ltrate contain about 120 mg glucose. Hence the tubular 
load of glucose is 120 mg/min. Similarly, the tubular load of 
sodium (concentration in fi ltrate 142 mEq/L) is 0.142 × 120 
mEq/min, i.e. 17 mEq/min.

TUBULAR TRANSPORT MAXIMUM

Renal tubules handle the tubular load typically by mas sive 
reabsorption. Tubules also secrete some subs tances in substan-
tial quantities into their lumen. Many of the absorptive and 
secretory mechanisms depend on mem brane carrier proteins. 
Therefore the maximum amount of a substance that can be 
transported (reabsor bed or secreted) depends on the number 
of carrier molecules available. When all the carrier sites are 
occupied the rate of transport cannot be increased any further. 
Therefore most substances transported by means of a carrier 
display a transport maximum (Tm). The tubular transport 
maxi mum for glucose (Tm G) is 320 mg/min but some glucose 
appears in the urine when the tubular load exceeds 220 mg/
min.
 At a GFR of 120 mL/min, a tubular load of 220 mg/min of 
glucose corresponds to a fi ltrate (or plasma) con cen tration of 
about 180 mg/100 mL. Thus glucose appears in the urine when 
its plasma concentration is above 180 mg/100 mL. This value 
is called the threshold plasma concentration of glucose. Since 
the threshold con cen tration is considerably above the normal 
glucose con cen tration, normally no glucose is excreted in the 
urine.

Substances Without a Transport Maximum
There are two types of substances which do not display a Tm. 
Firstly, those substances which are transported by simple dif-
fusion (i.e. without a carrier), e.g. water or urea, do not have 
a Tm. Secondly, many rapidly absorbed substances such as 
sodium ions, also do not have a Tm although their transport 
is carrier mediated. The reason is that in case of sodium, the 
limiting factor for rate of transport is the rate of diffusion at 
the brush border, not the sodium pump at the basolateral mem-
brane. The transport of substances which do not show a Tm 
depends on the concentration gradient and the time available 
for transport. Therefore such transport is also called gradient-
time transport.

GLOMERULOTUBULAR BALANCE
The proximal tubules absorb a constant fraction (about 65%) 
of the glomerular fi ltrate. This observation forms the basis of 
the concept of glomerulotubular balance. What it implies is 
that the load which gets past the proximal tubule is in harmony 
with the amount fi ltered. It is not an absolute quantity but a 
constant fraction of the fi ltrate. The advantage of the phenom-
enon is that when the GFR is low, a considerable amount of 
fl uid still enters the loop of Henle so that waste products can be 
excreted. On the other hand, when the GFR is high, a consider-
able excess is reabsorbed in the proximal tubule. Only about 
one-third of the excess is passed on to be handled by subse-
quent portions of the tubule. The exact mechanism underlying 
glomerulotubular balance is not clear.
 Having considered the general concepts involved in urine 
formation, now we shall consider the journey of the glomerular 
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fi ltrate as it passes through the tubules. We shall concentrate on 
the way individual substances are handled when the body has 
essentially normal quantities of fi ltered constituents. A passing 
reference may be made to the special regulatory mechanisms 
which come into play when the body has an excess or defi -
ciency of some constituent. But these regulatory mechanisms 
which alter the composition of urine in an effort to maintain 
homeostasis will be considered in greater detail in Chapters 8.3 
and 8.4.

THE PROXIMAL TUBULE
The proximal tubule is lined with epithelium which has a brush 
border on the luminal side and a sodium pump in the basola-
teral membrane. Proximal tubule is the site where the enormous 
volume of the glomerular fi ltrate is reduced to one-third. Not 
only water, but also the quantity of most other substances in 
the fi ltrate is reduced to one-third during their passage through 
the proximal tubule. As a result, the concentration of most sol-
utes remains the same as in the glomerular fi ltrate. Thus the 
fl uid leaving the proximal tubule is isotonic with plasma as is 
the glome rular fi ltrate. Notable exceptions to this general trend 
are glucose, amino acids and proteins, which are absorbed 
almost completely from the fi ltrate, and creati nine which is not 
absorbed at all. Events in the proximal tubule follow a con-
stant pattern irrespective of the fl uid and electrolyte status of 
the body. They are not subject to hormonal control. That is why 
absorption in the proximal tubule is also called obligatory.

Mechanism of Reabsorption
The mechanism of reabsorption in the proximal tubule and 
elsewhere in the nephron is designed basically for reabsorption 
of sodium. The other substances are mostly co-transported by 
a common carrier protein or to main tain electroneutrality. The 
movement of water is by osmosis. Some substances are trans-
ported with water due to solvent drag.
 Sodium ions are transported actively by a Na, K-ATPase 
located in the basolateral membrane. The pump is driven by 
the energy released from the hydrolysis of ATP which it itself 
catalyses. Na is pumped from the cell into the peritubular 
fl uid from where it diffuses into the capillaries. For each three 
sodium ions transported, two potassium ions are transported in 
the opposite direction. But the concentration gradient ensures 
that K so transported leaks back into the peritubular fl uid by 
diffusion. Active pumping out of sodium from the cell accentu-
ates the Na concentration gradient between the fi ltrate in the 
lumen and the epithelial cell. Further, it also makes the inte-
rior of the epithelial cell about 70 mV negative with respect 
to outside. As a result of the concentration and electrical gra-
dients, sodium diffuses from the fi ltrate into the epithelial cell 
across the brush border. The brush border has a protein car-
rier to facilitate the diffusion. In fact, there is a large variety 

of such protein carriers each of which can transport one more 
specifi c substance in addition to sodium. Thus one carrier pro-
tein may trans port sodium and glucose, another may transport 
sodium and a neutral amino acid, and yet another may trans-
port sodium and an acidic amino acid. So far, seven different 
carrier proteins for different categories of amino acids have 
been identifi ed.3

LOOP OF HENLE
The loop of Henle has a descending and an ascending limb. 
The descending limb and a part of the ascending limb are lined 
with thin epithelial cells, while the terminal part of the ascend-
ing limb is lined with thick epithelial cells.

Thin Segment, Descending Limb
The thin epithelial cells lining this segment have no brush 
border and very few mitochondria. This segment is highly per-
meable to water and also quite permeable to sodium, urea and 
most other substances. The structure suggests that transport 
through these cells is considerable, con venient and passive. 
Passage through this portion of the tubule results in a further 
reduction in volume of fi l trate by about 15% of the glomerular 
fi ltrate without signifi cant change in tonicity. This absorption 
is also obligatory. Putting together the effects of the proximal 
tubule and thin descending segment of the loop of Henle, the 
glomerular fi ltrate gets reduced to only one-fi fth of its volume 
irrespective of the fl uid and electrolyte status of the body. This 
is just as well because under no circusm tances can the body 
afford to lose more than 20% of the glomerular fi ltrate. Or, in 
other words, absorbing back 80% of the glomerular fi ltrate as 
a routine is always in the best interests of the body. You might 
ask why, then, does the body fi lter such an enormous excess in 
the glomeruli. The answer is that the proximal tubule, and spe-
cially the loop of Henle, is not as permeable to urea as to water 
and other substances. Therefore urea does not get absorbed 
in these segments to the same extent as water and sodium. 
Therefore the high fi ltration rate helps in the excretion of urea 
and other waste products.

Thin Segement, Ascending Limb
This segment of the loop of Henle differs from the descend-
ing limb in being much less permeable to water. This sudden 
change in permeability plays an important role in concentration 
of urine by the countercurrent princi ple as discussed a little 
later.

THICK SEGMENT, ASCENDING LIMB
The epithelial cells of this segment bear a superfi cial resem-
blance to those of the proximal tubule in being cuboidal. But 
their brush border is not well-develolped. Most importantly, the 

3 Note the similarity between absorptive mechanisms of the gut and the kidneys. However, the gut absorbs into the body material belonging to the exter-
nal environment. On the other hand, kidneys reabsorb to prevent the material from being lost to the external environment. As in the gut, multiplicity of 
carrier proteins for co-transport ensures that absence of one protein due to an inborn error of metabolism results in loss of only a limited nunmber of 
amino acids.
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thick ascending limb is almost totally impermeable to water. 
This is important for con cen tration of urine by the countercur-
rent principle as discussed later. However, a pump for active 
reabsorption of sodium is present in the basolateral membrane. 
Absor p tion of sodium and other solutes without absorption of 
water results in dilution of the tubular fl uid in this segment.

DISTAL TUBULE
The distal tubule has two functionally distinct segments.

Distal Tubule, the ‘Early’ Segment
The ‘early’ or ‘proximal’ part of the distal tubule is function-
ally identical to the thick ascending limb of the loop of Henle. 
Its overall impact is also to dilute the urine by removing sol-
utes. That is why it is also called the diluting segment.

Distal Tubule, the ‘Late’ Segment
The late distal tubule shows a few distinct characteristics. 
First, it has a common transport mechanism for reabsorp tion 
of sodium and secretion of potassium. Further, the activity of 
this mechanism is regulated by the adrenal cortical hormone, 
aldosterone. Secondly, its permeability to water is governed 
by a hypothalamic hormone, antidiuretic hormone (ADH). It 
is otherwise impermeable to water but becomes permeable in 
the presence of ADH. Thirdly, it can secrete large amounts of 
hydrogen ions if the body’s acid-base balance needs it. Finally, 
the late distal tubule is impermeable to urea so that urea does 
not get reabsorbed. Thus this segment ensures that all urea that 
reaches it remains in the tubular fl uid and is passed on further 
for excretion in the urine. But the fate of other substances, 
notably water, sodium, potassium and hydrogen ions is deter-
mined by the homeostatic requirements of the body.

THE CORTICAL COLLECTING DUCT
This is functionally identical to the late distal tubule.

Mechanism of Potassium Secretion
Potassium is an ion which is both reabsorbed and secreted 
in the tubule. But its urinary output is regulated to maintain 
potassium balance in the body primarily by secretion in the 
distal tubule and cortical collecting duct. Potassium secretion 
involves, fi rstly, a Na+, K+-ATPase in the basolateral mem-
brane of the tubular epithelium. This is similar to the pump 
discussed in the proximal tubule. Sodium is reabsorbed into 
the peritubular fl uid, and potassium enters the epithelial cell 
in exchange. From the cell, some potassium diffuses into the 
lumen and some more is actively secreted by a potassium 
pump (Fig. 8.2.2). This potassium pump is the basic feature 
of this region of the tubule which makes it possible to secrete 
substantial quantities of potassium.
 Aldosterone increases potassium secretion (and conse-
quently potassium loss in the urine) by increasing the activity 

of Na+, K+-ATPase as well as by increasing the permeability of 
the luminal membrane to potassium.

THE MUDULLARY COLLECTING DUCT
This segment is the last portion of the nephron. It retains two of 
the important characteristics of the cortical collecting duct, i.e. 
water permeability sensitive to ADH, and capacity to secrete 
hydrogen ions if necessary.
 From the above description it may be deduced that the 
nephron has four functional segments:
i. The fi ltering segment consisting of the Bowman’s capsule, 

into which glomerular capillaries fi lter plasma.
ii. The conserving segment consisting of the proximal tubule, 

which conserves water, electrolytes, glucose, amino acids 
and proteins by reabsorption on a massive scale.

iii. The concentrating segment consisting of the loop of Henle 
and the ‘diluting’ segment4 of the distal tubule. This segment 
operates on the countercurrent principle. It is also basically 
a conserving segment which breaks the conservation into 
two parts. First, the descending limb reabsorbs water, lead-
ing to higher concentration of solutes in the lumen. Second, 
the ascending limb and part of the distal tubule reabsorb 
salts, resulting in some dilution. But the overall effect is 
conservation of water as well as electrolytes.

 The function of the conserving and concentrating seg ments 
is not much affected by the fl uid, electro lyte or acid-base 
status of the body. The degree of conservation achieved by 
these two segments seems to be always necessary. At the 
end of these two seg ments, there is still enough fl uid left 
for ‘intelligent’ manipulation so that the body’s water and 
electro lyte balance are infl uenced in the desired direction.

iv. The regulating segment, consisting of the late distal seg-
ment of the distal tubule, the cortical collecting duct, and 
the medullary collecting duct. The reabsorptive and secre-
tory activity of this segment is regulated by the fl uid, elec-
trolyte and acid-base status of the body. It responds to hor-
mones such as ADH and aldosterone and contributes to 

Fig. 8.2.2: Mechanism of potassium secretion. Potassium is fi rst taken 
up by epithelial cells of the distal nephron from the extracellular fl uid 
(ECF) by an active Na+ – K+ exchange pump. Then the intracellular 
potassium is secreted into the tubular lumen partly by passive and 
partly by active transport mechanisms.

4 How the ‘diluting’ segment can concentrate will become clear from a description of the counter current principle.
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maintenance of fl uid, electrolyte and acid-base balance of 
the body.

THE COUNTERCURRENT MECHANISM
The loop of Henle gives the nephron a peculiar shape. This 
anatomical peculiarity has great physiological signifi cance. 
The descending limb, in which the tubular fl uid fl ows towards 
the hairpin bend (‘downwards’), and the ascending limb, in 
which the tubular fl uid fl ows ‘upwards’ lie close to each other. 
Two such tubes with fl uid fl owing through them in opposite 
directions provide an opportunity for countercurrent ‘multipli-
cation’. Parallel to the loops of Henle are similar loops formed 
by vasa recta (vas, vessel; rectus, straight) which are capillary 
vessels which arise from the efferent arteriole.5 The vasa recta 
are also tubes with countercurrent fl ow. The conditions for 
countercurrent mechanism are at their best only in juxtamedul-
lary nephrons, which form about 15% of all nephrons in the 
human kidney. The counter current mechanism is best under-
stood if broken into a few arbitrary steps.

Genesis of Medullary Osmotic Pressure Gradient
The renal medulla shows an increasing osmotic pressure with 
increasing depth. Starting with an osmolarity of 300 mOsm/L 
in the cortex, the osmolarity reaches a level of 1200 mOsm/L at 
the pelvic tip of the medulla. The following factors lead to the 
genesis of this osmotic gradient:
i. Na+ is actively pumped out of the thick ascending limb of 

the loop of Henle. This leads to the secondary active trans-
port of some other solutes as well out of the tubule. The 
expelled solutes enter the peritubular fl uid, from where they 
diffuse into the descending limb of the loop of Henle. As 
the descending limb dips deeper into the medulla, more 
and more Na+ and other solutes are added to it. Thus the 
osmolarity of the peritubular as well as tubular fl uid keeps 
increasing towards the hairpin bend.

 This is a critical factor in the genesis of the medullary 
osmotic gradient. Furosemide (Lasix), which inhibits Na+ 
transport in the thick ascending limb, abolishes the medul-
lary osmotic gradient within minutes of administration. By 
impairing the ability of the kid neys to concentrate urine, 
Furose mide acts as a diuretic.

ii. The ascending limb is almost impermeable to water. 
Therefore water cannot leave it in response to the osmotic 
pressure generated by the expelled Na+ and other solutes.

iii. The medullary region of the collecting duct is permeable 
to urea. Diffusion of urea from these ducts into the medulla 
also increases the osmolarity. Under the infl uence fo ADH, 
the permeability of medullary collecting ducts to urea 
increases further. Moreover, ADH makes these collecting 
ducts also permeable to water. Thus ADH leads to outward 
diffusion of water from these ducts. That increases the urea 
concentration within the ducts. That leads to further dif-
fusion of more urea out of the ducts. Thus urea makes an 

important contribution to the genesis of high osmolarity in 
the renal medulla.

   In the above scheme, the horizontal osmotic gradient 
from the ascending limb to the peritubular fl uid, and from the 
peritubular fl uid to the descend ing limb, at any level is small. 
Therefore the energy spent on transport is less. But because 
of the countercurrent fl ow, a high vertical osmotic gradient is 
built up. That is why the phenomenon is called the countercur-
rent multiplier effect.

Maintenance of Medullary Osmotic
Pressure Gradient
The medullary osmotic pressure gradient can be maintained 
because of two special blood fl ow chara cteristics of the region. 
First, the blood fl ow is poor. In the cortical nephrons the coun-
tercurrent mechanism cannot operate effectively because blood 
washes away the actively expelled Na+ and other solutes. 
But in juxtamedullary nephrons the osmotic gradient can be 
maintained because the blood fl ow is poor. Second, the blood 
vessels (vasa recta) are also U-shaped. The descen ding limb 
of the vasa recta loses water and gains solutes due to osmosis 
and diffusion respectively. In ascending limb of the vasa recta, 
transport of water and solutes in the opposite direction due to 
the same passive mecha nisms prevents any signifi cant washout 
(Fig. 8.2.3). The vasa recta also carry away water reabsorbed 
from the thin descending limb of the loop of Henle and collect-
ing ducts, thus carrying the water back into the bloodstream. 
That is why the volume of blood fl owing out of the vasa recta 
is greater than that fl owing in.

Advantage of Medullary Osmotic Pressure Gradient
The proximal tubule delivers to the descending limb of the 
loop of Henle a fl uid of nearly the same osmolarity as plasma, 
i.e. 300 mOsm/L. But the osmolarity of the fi nal urine may 
vary from about 50 to 1200 mOsm/L depending on the fl uid 
and electrolyte status of the body. This remarkable ability of 

5 Here we again have ‘portal system’. The efferent arteriole is interposed between two sets of capillaries: the glomerular capillaries, and the peritubular 
capillaries (of which vasa recta are a part).

Fig. 8.2.3: A. In the absence of countercurrent blood fl ow, blood 
washes away the reabsorbed sodium. B. In the presence of 
countercurrent blood fl ow, the concentration of sodium in the outgoing 
blood is only slightly higher than that in the incoming blood. Numerical 
values indicate the osmolarity in milliosmoles per litre.
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the kidney to dilute or concentrate the urine is due to the med-
ullary osmotic gradient.
 When the body needs to lose more water, ADH is absent. 
The ascending limb of the loop of Henle and the diluting seg-
ment of the distal tubule are impermeable to water. The late 
distal segment and collecting ducts are also impermeable to 
water in the absence of ADH. But all these segments, ascend-
ing limb onwards, have a mecha nism for active reabsorption 
of Na+ and many other solutes except the waste products. 
Reabsorption of these solutes without reabsorption of water 
leads to the for mation of a dilute urine (Fig. 8.2.4). But, at the 
same time, countercurrent fl ow ensures that outgoing blood in 
the vasa recta is not overloaded with solutes.
 When the body needs to lose less water, ADH is present. 
In the presence of ADH, the late distal segment and collect-
ing duct are permeable to water, and the medull ary region of 
the collecting duct is permeable also to urea. Because of the 
higher permeability to urea, and often because of more active 
reabsorption of sodium under the infl uence of aldosterone, the 
medullary osmotic gradient is even more steep than when ADH 
and aldosterone are absent. As a result of the steep osmotic gra-
dient, more water diffuses out of the portions of the nephron 
which have become permeable to water under the infl uence of 
ADH. Hence the urine can fi nally attain nearly the same osmo-
larity as the particular fl uid at the pelvic tip of the medulla, i.e. 
about 1200 mOsm/L. And once again a drastic change in the 
osmolarity of urine is achieved without a drastic change in the 
osmolarity of blood leaving the kidneys:
 To summarize, after the fi ltrate has been reduced in volume 
by the proximal tubule:
i. Further reduction in volume is achieved by removing water 

in the descending limb and salt in the ascending limb in the 
loop of Henle.6

ii. To produce a dilute urine, the balance is tilted in favour 
of removal of salts from the tubular fl uid because the late 
distal segment and collecting duct remain impermeable to 
water.

iii. To produce a concentrated urine, the balance is tilted in 
favour of removal of water by making the late distal seg-
ment and collecting duct permeable to water under the 
infl uence of ADH.

QUESTIONS AND PROBLEMS
1. Why does haemoglobin get excreted in the urine in signifi -

cant amount while albumin does not?
2. Why may a person on a low sodium diet develop 

hyperkalaemia?

ASNWERS AND SOLUTIONS
1. Haemoglobin is normally enclosed in red blood cells, and 

is therefore not excreted in the urine. However, if free 
haemoglobin is present in the blood, it is excreted in sig-
nifi cant amounts. Haemoglobin (M.W. 68000, molecular 

diameter 6.5 nm) resembles albumin (M.W. 69000, molecu-
lar diameter 7 nm) in features which may be expected to 
infl uence glomerular fi ltration. But there are two differ-
ences between them because of which only haemoglobin 
gets filtered in significant amounts. First, haemoglobin 
molecule has a more compact cylindrical shape which 
passes the glomerular fi lter more easily. Second, haemo-
globin is less negatively charged than albumin, and hence 
its passage through the negatively charged channels in the 
basement membrane and slits in the epithelial layer is less 
hampered.

2. Most of the potassium fi ltered by the glomeruli is reabsorbed 
by the proximal tubule and loop of Henle. Therefore potas-
sium balance primarily depends on whether in the late dis-
tal segment and collecting duct there is net reabsorption or 
net secretion of potassium. On the usual dietary potassium 
intake, these tubular segments have to secrete potassium to 
maintain potassium balance. However, the mechanism of 
potassium secretion is coupled with sodium reabsorption 
through the Na+— K+ pump. On a low sodium diet, there is 
not much sodium left in the tubular fl uid to be reabsorbed. 
If there is no sodium to be reabsorbed, potassium cannot be 
secreted. If potassium is not secreted by the tubule, it cannot 
be excreted in the urine. If it is not excreted in the urine, its 
blood level rises. That is how a patient on a low sodium diet 
might develop hyperkalaemia.

Fig. 8.2.4: Formation of dilute urine. In the absence fo antidiuretic 
hormone, the ascending limb of the loop of Henle and collecting 
ducts are impermeable to water. But these regions of the nephron 
have mechanisms for active reabsorption of sodium. The result is a 
dilute urine. Numerical values indicate the osmolarity in milliosmoles 
per litre.

6 This happens due to the differential permeability properties of the two limbs. Some of the salt removed recirculates in the tubule to raise the osmolarity 
at the bend, but on the whole both salt and water are reabsorbed, while waste products are retained in the tubule.
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8.3
Regulation of Acid-Base 

Balance

Living cells require optimum conditions for normal func-
tion, and these conditions include the hydrogen ion concen-
tration. The pH of body fl uids is maintained within a very 
narrow range. Regulation of acid-base balance is a remark-
able achievement because normal metabolism poses a constant 
threat to it. Carbon dioxide is an acidic end product of normal 
energy metabolism and it is constantly produced by the body. 
Besides carbon dioxide, other acidic by products of metabo-
lism include sulphuric acid, phosphoric acid, lactic acid, and 
sometimes keto acids. Kidneys provide the only long-range 
radical solution to this metabolic threat. Kidneys eliminate 
acid from the body by secreting hydrogen ions into the urinay 
tubules, and thereby help maintain the pH of the body fl uids 
constant. The normal pH of extracellular fl uids is 7.4, i.e. 
slightly alkaline. This is actually the average pH of the arterial 
plasma, the normal range being 7.38-7.42. The pH of venous 
plasma is slightly lower, i.e. 7.36-7.40, due to higher volume 
of carbon dioxide present in it. The pH of RBC fl uid is still 
lower, i.e. 7.20-7.30, and the intracellular pH in other cells of 
the body may be as low as 6 due to the by-products of cellular 
metabolism.
 The pH of extracellular fl uids is maintained within such a 
narrow range as a result of a three-tier defense. First, any addi-
tion of acids is immediately buffered by physiological buffers. 
Second, any moderate disturbance in acid-base balance is cor-
rected within minutes by appropriate adjustment of pulmonary 
ventilation. Third, disturbances in acid-base balance are com-
pensated by appropriate adjustment of renal function. The renal 
response takes hours to days to be effective but provides long-
term regulation. Now we shall discuss each of these defence 
mechanisms one by one.

PHYSIOLOGICAL BUFFERS
A buffer is a substance which minimizes the impact of the 
addition of an acid or alkali to a solution on its pH. Before we 
go into the details of substances which act as buffers in the 
body, let us recapitulate some basic concepts which you have 
already learnt at school. A buffer usually consists of a mixture 
of a weak acid and its salt, e.g. H2CO3 and NaHCO3. Suppose 
we add a strong alkali such as NaOH to it, the following reac-
tion takes place:

 H2CO3 + NaOH  NaHCO3 + H2O ...(1)
 Thus the strong alkali, NaOH, has been converted into 
NaHCO3 which is a weak alkali. Suppose we add a strong acid 
such as HCl to the same buffer, the following reaction takes 
place:
 NaHCO3 + HCl  NaCl + H2CO3 ...(2)
 Thus the strong acid, HCl, has been converted into H2CO3 
which is a weak acid.
 It can be seen from the above reactions that if more and 
more HCl is added to the H2CO3/NaHCO3 buffer, ultimately 
there will be no NaHCO3 left to buffer HCl. But there will be 
plenty of H2CO3 to buffer NaOH. At the other extreme, adding 
too much NaOH will lead to loss of the capacity to buffer 
alkali. The buffer will be most effective for both acid and alkali 
when it has equal quantities of H2CO3 and NaHCO3. How 
much of the buffer is in the form of H2CO3 and how much in 
the form of NaHCO3 will depend on how much acid or alkali 
has been added to the buffer, or in other words, on the pH of 
the buffer. Thus the effi cacy of the buffer depends on the pH of 
the buffer. This relationship is expressed quanti tatively by the 
Henderson-Hasselbalch equation.
 Before we derive the equation, we may point out that a 
weak acid such as H2CO3 ionizes partially as follows:
 H2CO3  H+ + HCO3

–  ...(3)
 Since part of the carbonic acid exists as H2CO3 and part 
as HCO3

–, H2CO3 is itself a mixture of H2CO3 and HCO3
–. 

Therefore it can act as a buffer.
 Applying the law of mass action to the reversible 
reaction (3),

 
[H+] [HCO3

–]
[H2CO3]

 = constant ...(4)

where square brackets denote concentration of the substance. 
In physiological fl uids, the concentration of H2CO3 is propor-
tional to that of dissolved CO2, which is much easier to meas-
ure than the concentration of undissociated H2CO3.
 Hence equation (4) may be written as

 
[H+] [HCO3

–]
[CO2]

 = K ...(5)

 where K is a constant.
 From (5), we have
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 [H+] = K 
[CO2]

[HCO3
–]

 Taking the logarithm of each side,

 log [H+] = log K + log 
[CO2]

[HCO3
–]

 or –log [H+] = – log K – log 
[CO2]

[HCO3
–]

 or – log [H+] = – log K + log 
[HCO3

–]
[CO2]

 ...(6)

 We know that – log [H+] is the pH of the solution.
 Similarly – log K is called the pK of a buffer.
 Hence equation (6) becomes,

 pH = pK + log 
[HCO3

–]
[CO2]

 ...(7)

 Equation (7) is a specifi c instance of the following relation-
ship known as the Henderson-Hasselbalch equation:

 pH = pK + log 
[salt]
[acid]

 ...(8)

 We have seen that a buffer is most effective when the con-
centration of the salt and acid are equal. When this is so,
 pH = pK + log 1
 Since log 1 = 0,
 pH = pK
 Thus the pK of a buffer is the pH at which its salt and acid 
forms are in equal concentration. Hence a buffer is most effec-
tive in a solution the pH of which is equal to the pK of the 
buffer. pK varies considerably from one buffer to another. The 
most effective physiological buffers will be, naturally, those 
whose pK is near 7.4.
 With this background now we shall discuss the major phys-
iological buffers one by one.

Bicarbonate Buffer
The bicarbonate buffer, which we have used as an example to 
discuss the general properties of buffers above, is a very impor-
tant buffer in extracellular fl uids. The pK of the HCO3

–/CO2 
buffer is 6.1, which is not very close to 7.4. To understand why 
it can still function as a good buffer, let us see what the ratio of 
the two components will be at pH 7.4.
 Using the Henderson-Hasselbalch equation (equation 7), 
we have

 7.4 = 6.1 + log 
[HCO3

–]
[CO2]

 or log 
[HCO3

–]
[CO2]

 = 1.3

 or  
[HCO3

–]
[CO2]

 = Antilog 1.3

 or 
[HCO3

–]
[CO2]

 = 20 ...(9)

 Thus at pH 7.4, the concentration of HCO3
– will be 20 times 

that of CO2. As seen earlier, it is the HCO3
– component which 

buffers acids (equation 2). And, in the body, acid-base balance 

is most often threatened by the metabolically produced acids. 
Hence, for physiological purposes, bicarbonate buffer and any 
other buffer with pK less than7.4 will be satisfactory.

 Let us now see whether the ratio 
[HCO3

–]
[CO2]

is actually 20 as predicted above (equation 9) from the 
Henderson-Hasselbalch equation. The average normal pH of 
7.4 holds true most exactly for the arterial plasma. In arterial 
plasma, [HCO3

–] is 24 mmol/L. [CO2] is often determined from 
PCO2. Arterial PCO2 is normally 40 mmHg (Chapter 4.1). 
Molar concentration of CO2 in mmol/L is equal to 0.03 × PCO2 
(in mmHg). Hence arterial [CO2] = 0.03 × 40 = 1.2 mmol/L. 
Hence [HCO3

–]/[CO2] of normal arterial plasma is 24/1.2 = 20. 
Thus observations support the theoretical prediction.
 In order to understand better why bicarbonate buffer is the 
most important physiological buffer, let us examine the issue 
from another angle as well. Suppose the extracellular fl uids are 
overloaded with acid or alkali. If overloaded with acid, the pH 
will fall below 7.4. Suppose the pH of arterial plasma falls to 
7.2. At pH 7.2, the ratio [HCO3

–]/[CO2] may be calculated as 
follows:

 7.2 = 6.1 + log 
[HCO3

–]
[CO2]

 or log 
[HCO3

–]
[CO2]

 = 1.1

 or 
[HCO3

–]
[CO2]

 = Antilog 1.1

 or 
[HCO3

–]
[CO2]

 = 12.6

 Thus at pH 7.2, the ratio [HCO3
–]/[CO2] in the arterial 

plasma will be 12.6. In order to restore the pH to 7.4, it is not 
important to restore [HCO3

–] and [CO2] to normal; what is 
important is to restore the ratio [HCO3

–]/[CO2] to 20. This may 
be done by increasing [HCO3

-] or by decreasing [CO2]. You 
might recollect from your knowledge of respiratory physiology 
that [CO2] may be decreased by hyperventilation, and it should 
be also easy for you to imagine that [HCO3

–] may be increased 
by kidneys by excreting less [HCO3

–]. Hence the signifi cance 
of the bicarbonate buffer lies in the fact that the concentration 
of both its components can be altered considerably independ-
ently of each other. By alteration in one or the other or both 
components of the bicarbonate buffer, the extracellular pH can 
be restored to normal irrespective of the cause of the distur-
bance in pH.

Protein Buffer
Proteins may act as buffers because many of them have amino 
acids which behave like weak acids by virtue of free acid 
radicals. Histidine is a particularly valuable amino acid which 
confers buffer properties on a protein because of its imidazole 
group (Fig. 8.3.1). The pK of the imidazole group is 6.0 which 
is quite suitable for acting as a physiological buffer.
 Now let us see in which body fl uids proteins act as buff-
ers. To act as buffers proteins should be present in a signifi cant 
amount. Interstitial fl uid, which forms most of the extracellular 
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fl uid, has no proteins. But plasma has a signifi cant quantity of 
proteins which contribute to the buffering capacity of blood. 
But most of the buffering capacity of blood is due to haemo-
globin, which is present within red blood cells, and is there-
fore an intracellular protein. Haemoglobin is a more important 
buffer than plasma proteins both because it has more histidine 
resi dues and because its concentration is four times higher.1 
As a result, the buffering capacity of haemoglobin is six times 
that of plasma proteins. Further, deoxygenated haemoglobin is 
a better buffer than oxygenated haemo globin. While haemo-
globin gives up its oxygen in the tissues, blood picks up carbon 
dioxide from the tissues. Hence, the carbon dioxide that is 
picked up is buffered by a more effi cient form of haemoglobin. 
Finally, we come to the intracellular fl uid. Protein is the major 
intracellular buffer, and since intracellular fl uid volume is more 
than 60% of the total fl uid volume, proteins may be considered 
the most abundant buffer in the body.

Phosphate Buffer
Phosphates can act as buffers because they can dissociate in a 
manner similar to bicarbonate.

H2PO4
–  H+ + HPO4

–

 The signifi cance of the phosphate buffer is limited in extra-
cellular fl uids because of its low concentration. But phosphate 
buffer is considerably important in intra cellular fl uid and in 
renal tubular fl uid for two reasons. First, in both these fl uids the 
concentration of phosphates is higher than in the extracellular 
fl uid. Second, the pH of both these fl uids is lower than that of 
the extracellular fl uid, and hence closer to the pK of the phos-
phate buffer, which is 6.8.
 Buffers minimize the effect of addition of acid or alkali on 
the pH but do nothing to the processes which add acid or alkali 
to the body or remove these from it. This is done by the lungs 
and the kidneys. We shall study their contribution to acid-base 
balance one by one.

RESPIRATION AND ACID-BASE BALANCE
Respiration has a direct bearing on acid-base balance of the 
body because carbon dioxide is eliminated from the body 
during expiration. Since carbon dioxide is an acidic substance, 
increase in respiratory activity reduces the acidity of body 
fl uids. This is also illustrated by the Henderson-Hasselbalch 
equation (equation 7) in which, pK of the buffer being cosnt-
ant, any decrease in [CO2] would increase the pH.
 Respiration has a two-fold relationship with acid-base 
balance. On one hand changes in pH of body fl uids infl uence 

respiration. On the other hand changes in respiratory activity 
affect the pH of the body fl uids.

Effect of pH on Respiration
A fall in pH of extracellular fl uids stimulates peripheral chem-
oreceptors in the carotid and aortic bodies and central chem-
oreceptors on the ventral surface of medulla oblongata. The 
refl ex response to stimulation of these chemosensitive areas is 
an increase in the rate and depth of respiration (Chapter 4.5). 
Increase in pulmonary ventilation washes off carbon dioxide 
leading to a rise in pH. Thus the original disturbance which 
led to hyper ventilation no longer exists. Therefore, as the pH 
returns to normal, hyperventilation also disappears. It is clear 
that the mechanism is a typical control system which oper-
ates by negative feedback. The feedback gain of the system 
is abouit 2, i.e. it corrects the disturbance to the tune of about 
67%. Further, the primary purpose of respiration is to look after 
the metabolic need for oxygen. Therefore its contribution to 
maintenance of acid-base balance is of limited value and effi -
cacy. The most effective measrues for regulation of acid-base 
balance are taken by the kidneys as seen later.

Effect of Respiration on pH
As discussed above, respiration affects the pH of body fl uids 
by determining the [CO2] component of the bicarbonate 
buffer. Normally elimination of CO2 by respiration just bal-
ances its production. But in some abnormal situations respira-
tory depression or patho logical hyperventilation may lead to an 
acid-base disturbance called respiratory acidosis or respiratory 
alkalosis respectively. These disturbances have been discussed 
later in the chapter.

RENAL REGULATION OF ACID-BASE BALANCE
Metabolism produces acidic by products. One of these is 
carbon dioxide. However, carbon dioxide is a gas, and can be 
eliminated in the expired air. There are also some non-volatile 
acids produced in the body, e.g. sulphuric acid from sulphur-
containing amino acids. Non-volatile acids can be converted 
into carbon dioxide by extra cellular fluid bicarbonate as 
follows:
 H+ + HCO3

–  H2CO3  H2O + CO2 ...(10)
 This carbon dioxide can also be removed by the lungs. 
However, you would observe that in the process of convert-
ing a nonvolatile acid into carbon dioxide the body loses 
bicarbonate. This bicarbonate should be replaced in order to 
preserve the capacity of the extracellular fl uid to buffer acids. 

Fig. 8.3.1: The imidazole group of histidine confers 
buffer properties on proteins.

1 The concentration of haemoglobin is about 14 g/100 ml blood while that of plasma proteins is about 7 g/100 ml plasma.
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Replacement of bicarbonate is done by the kidneys through a 
mechanism which combines generation of bicarbonate with 
secretion of hydrogen ions. Thus the kidneys indirectly elimi-
nate the hydrogen ions which had been buffered by bicar bonate 
(Equation 10), and also replace the bicarbonate. The kidneys 
normally excrete about 50 mmol of hydrogen ions in the urine 
and simultaneously generate about 50 mmol of bicarbonate 
ions which are added to the extracellular fl uid compartment of 
the body. Thus the kidneys regulate the pH of body fl uids in 
spite of continual production of nonvolatile acids which cannot 
be directly removed by the lungs.
 In addition, the kidneys can regulate the amount of hydro-
gen ion or bicarbonate ion loss in the urine in response to the 
acid-base balance needs of the body. Although the kidneys nor-
mally excrete about 50 mmol H + per day, they can remove up 
to 500 mmol of either H + or HCO3

– from the body per day. 
Although the normal pH of urine is about 6, it can be regulated 
in the range of 4.5-8.0 in response to the changing needs of 
the body. Hence the kidneys can contribute to the regulation 
of acid-base balance in a wide variety of normal and abnormal 
conditions.
 We shall now discuss fi rst the mechanisms involved in 
bicarbonate conservation and hydrogen ion secretion by the 
kidneys, and then examine how these processes are regulated 
in the interest of pH homeostasis.

Reabsorption of Bicarbonate
The renal glomeruli fi lter more than 4000 mmol of bicarbonate 
per day. This potential loss of bicarbonate is far greater than 
the maximum of about 500 mmol of bicarbonate which the 
kidneys can generate in a day. Fortunately the fi ltered bicarbo-
nate is not lost in the urine but reabsorbed by the renal tubules 
almost completely. That is why in renal diseases in which kid-
neys are unable to absorb all the fi ltered bicarbonate, urinary 
loss of bicarbonate might lead to acidosis.
 The mechanisms for reabsorption of bicarbonate by the 
renal tubules are interesting but a little complex. An effort has 
been made to present these mechanisms in a simplifi ed form 
below.

Reabsorption of Bicarbonate in the Proximal Nephron
Here proximal nephron includes the proximal tubule, the thick 
segment of the ascending limb of the loop of Henle and the 
early segment of the distal tubule. In these portions of the neph-
ron, the mechanism involves fi rst the formation of carbonic 
acid from carbon dioxide and water with the help of carbonic 
anhydrase (Fig. 8.3.2). Carbon dioxide for this reaction could 
come from more than one source. It may be produced metabol-
ically within the cell, or it may enter the cell from the blood-
stream, or it may enter the cell from the lumen (see below).
 H2CO3 in the epithelial cell dissociates into H+ and HCO3

–. 
Bicarbonate is absorbed into the peritubular fl uid, and from 
there into the blood circulation, while hydrogen ions are 
secreted into the lumen. The secretion of hydro gen ions is by 
secondary active transport, being coupled to the active reab-
sorption of sodium ions. In the lumen, H+ react with the fi ltered 

HCO3
– forming H2CO3. Carbonic acid dissociates into water 

and carbon dioxide, a reaction catalyzed by brush border car-
bonic anhydrase. Carbon dioxide may diffuse back into the cell 
to participate in formation of carbonic acid, or may enter the 
circulation to be eventually eliminated by the lungs.
 A few interesting facts emerge from the above discussion. 
First, bicarbonate is reabsorbed indirectly. The bicarbonate 
which enters the bloodstream is not the same as the one which 
is fi ltered (Fig. 8.3.2). The indirect process involves converting 
the fi ltered bicarbonate into carbon dioxide, and then recon-
verting it into bicarbonate intracellularly prior to absorption. 
Why does the cell resort to this indirect mechanism? The 
reason possibly is that bicarbonate is a relatively large ion, and 
the per meability of the cell membrane to it is not very high. 
But carbon dioxide, being a lipid soluble substance, can pass 
through cell membranes with great ease. Secondly, reabsorp-
tion of bicarbonate is associated with secretion of hydrogen 
ions. However, the secreted H+ are only recycled, and make 
no net change in the acid-base balance of the body. Thus the 
ultimate effect of the entire process (Fig. 8.3.2) is simply to 
reabsorb NaHCO3.
 About 90% of the fi ltered bicarbonate is reabsorbed in the 
proximal tubule.

Reabsorption of Bicarbonate in the Distal Nephron
Here distal nephron includes the late distal tubule, collect-
ing tubule and collecting duct. By a process similar to that 
described above for the proximal nephron, the remaining 
(about 10%) fi ltered bicarbonate is reabsorbed in the distal 
nephron. The only difference worth men tioning here is the 
absence of carbonic anhydrase in the luminal surface of the 
distal nephron. Thus in the distal nephron the process of bicar-
bonate reabsorption is not catalyzed enzymatically.

Generation of New Bicarbonate
Ions and Hydrogen Ion Secretion
Both these processes are linked with each other in the proxi-
mal as well as distal nephron through reactions similar to those 
discussed above (Fig. 8.3.3). How do these reactions differ 
from those involved in reabsorption of bicarbonate? What do 
the differences achieve?2 Observe that here the carbon dioxide 

Fig. 8.3.2: Mechanism of reabsorption of bicarbonate in the proximal 
nephron. CA, carbonic anhydrase.

2 Try to answer these questions on your own before you read further.
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is generated in the cell or comes from the bloodstream: it is 
not derived from reactions in the lumen. Hence carbon dioxide, 
which is an acid, gets excreted as H+. Further, for each H+ lost 
from the body, one HCO3

– is gained by the body. The HCO3
– 

gained can then help in buffering metabolically produced acids 
(Equation 10).
 From the processes available in the kidneys, it is easy to 
understand how it may regulate acid-base balance. Normally, 
the body produces some nonvolatile acids which would lower 
the pH of body fl uids but for the kidneys which secrete H+ and 
thereby render the urine acidic. Bicarbonate which is used up 
for buffering nonvolatile acids (Equation 10) is also simultane-
ously replenished by the kidneys. In situations in which body 
produces or retains more acidic products than normal, all that 
the kidneys have to do is to step up the rate of this process. In 
situations in which the body fl uids tend to become alkaline, 
the kidneys step down, or even completely stop the processes 
of H+ secretion and HCO3

– generation. If that is not enough to 
regulate the pH of body fl uids, kidneys can reabsorb less bicar-
bonate from that which is fi ltered. Alternatively, there are some 
cells in the cortical collecting duct, called intercalated cells, 
which can actively secrete bicarbonate ions into the tubular 
lumen. The reactions involved in HCO3

– secretion are similar 
to those already discussed but involve work in the opposite 
direction (Fig. 8.3.4). Increasing HCO3

– loss in the urine is the 
mechanism employed by the kidneys to promote loss of base 
from the body.

Fate of Secreted Hydrogen Ions
As seen above, generation of new HCO3

– is accompanied by 
secretion of H+ into the tubular lumen. If the secreted H+ were 
to stay free in the lumen, the pH would rapidly fall to a level 
which is too corrosive for any living tissue. But that does not 
happen because the secreted H+ are buf fered in the tubular 
lumen. The principal buffers avail able in the lumen are the 
ammonia buffer and the phosphate buffer.

Ammonia Buffer
Ammonia can buffer H+ as follows:

NH3 + H+  NH 4
+

 Ammonia required for this purpose is synthesized in proxi-
mal tubular epithelium from amino acids. About 60% of the 
ammonia is synthesized from glutamine (Fig. 8.3.5). The 
remaining 40% is synthesized from other amino acids, specially 
glycine and alanine. Ammonia is a lipid soluble substance. 

Hence it crosses the cell membrane easily to reach the tubu-
lar lumen where it promptly reacts with H+ to form NH 4

+ 
(Fig. 8.3.6). Thus the concentration of NH3 is never allowed 
to rise in the lumen, and therefore there is always a concentra-
tion gradient for diffusion of NH3 from the tubular epithelium 
into the lumen. On the other hand, NH 4

+ is a polar entity and 
is therefore not lipid soluble. Therefore NH 4

+ does not diffuse 
back into the tubular epitheli um. Thus by combining with H+ 
ammonia gets trapped in the tubular lumen. In short, ammonia 
helps in excreting H + as ammonium salts, which are only very 
weakly acidic.
 The signifi cance of ammonia buffer lies in the fact that 
synthesis of ammonia in the tubular epithelium is subject 
to homeostatic regulation. If the body accumulates excess 

Fig. 8.3.3: Mechanism of generation of new bicarbonate ions and 
secretion of hydrogen ions in the distal nephron. CA, carbonic 
anhydrase.

Fig. 8.3.4: Mechanism of bicarbonate secretion by intercalated cells. 
These cells secrete bicarbonate in alkalosis and secrete hydrogen 
ions in acidosis. CA, carbonic anhydrase.

Fig. 8.3.5: Chemical reactions involved in synthesis of ammonia 
from glutamine by tubular cells of the proximal and distal nephron.

Fig. 8.3.6: Buffering action of ammonia in the renal tubules. CA, 
carbonic anhydrase.
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acids (acidosis), renal hydrogen ion secretion is increased. 
Correspondingly, renal ammonia synthesis is also increased 
possibly through an increase in glutaminase activity.

Phosphate Buffer
As discussed earlier in the chapter, the role of phosphate buffer 
is signifi cant in the kidney because of its relatively high concen-
tration in tubular fl uids. Further, the pH of tubular fl uids is also 
relatively close to the pK of the phosphate buffer. Hydrogen 
ions are buffered by phosphate as follows (Fig. 8.3.7):

H + + HPO4
2–  H2PO4

–

Regulation of Hydrogen Ion Secretion
Although hydrogen ion secretion by renal tubules is deter-
mined broadly by the acid-base status of the body, interaction 
of several factors regulates it.

Intracellular and Arterial pH
Intracellular pH and arterial pH are closely related because 
intracellular pH depends primarily on cellular metabolism. 
Metabolism produces carbon dioxide, which is freely diffus-
ible across cell membranes. Diffusion of carbon dioxide across 
cell membranes lowers the pH of extracellular fl uids, including 
arterial blood. Although intracellular pH fl uctuates more than 
arterial pH, it is primarily the intracellular pH which deter-
mines hydrogen ion secretion by the kidneys. Perhaps it is so 
because the remarkably constant arterial pH cannot give a clear 
and reliable feedback signal to the mechanisms which regulate 
pH. It has been found that if the arterial PCO2 is rasied experi-
mentally while keeping arterial pH constant or even increas-
ing the arterial pH, renal secretion of hydrogen ions is still 
increased.3 This possibly happens because high arterial PCO2 
leads to diffusion of carbon dioxide into the cells thereby low-
ering intracellular pH.

Plasma Potassium
Plasma potassium is intimately related to intracellular pH. 
In hypokalaemia (low plasma potassium), some intracellular 
potassium ions diffuse out of the cell in response to concen-
tration gradient. In order to maintain electroneutrality, some 
hydrogen ions diffuse from extra cellular fl uids into the cells. 
That lowers the intracellular pH. Fall in intracellular pH 
increases the secretion of H + by the renal tubules as indicated 
earlier, which may lead to alkalosis. In hyperkalaemia the 
opposite set of events leads to a decrese in the secretion of H + 
by the renal tubules, which may lead to acidosis.
 Conversely, potassium imbalance may follow a primary 
acid-base disorder. For example, in acidosis excessive H+ 
ions in extracellular fl uids drive K+ ions out of cells leading to 
hyperkalaemia. This hyperkalaemia may mask mild or moder-
ate potassium depletion. For the same reason, hypokalaemia 
with acidosis indicates severe potassium depletion.

Tubular Reabsorption of Sodium
In the proximal tubule, secretion of hydrogen ions is coupled 
with reabsorption of sodium ions. Therefore a decrease in 

sodium reabsorption reduces hydrogen ion secretion as well, 
and vice-versa. In the distal nephron, there is no direct coupling 
between Na + reabsorption and H + secretion. But reabsorption 
of Na + generates an electrical gradient, making the tubular 
lumen negative as compared to the epithelial cell. The electri-
cal gradient favours H + secretion into the lumen. Therefore in 
the distal nephron too, decrease in Na + reabsorption indirectly 
reduces H+ secretion, and vice versa.
 The relationship between sodium reabsorption and hydro-
gen ion secretion leads to a variety of situations which affect 
hydrogen ion secretion. For example, an increase in plasma 
volume leads to a decrease in water as well as sodium reab-
sorption in the tubules. Hence H + secretion is also reduced 
indirectly. Some diuretics inhibit Na + reabsorption in the 
proximal nephron. By increasing the delivery of sodium to the 
distal nephron these diuretics increase Na + reabsorption in the 
distal nephron. Hence H + secretion is secondarily increased. 
But diuretics which inhibit Na + reabsorption in the distal neph-
ron decrease H + secretion in the distal nephron.

 RELATIVE IMPORTANCE OF DIFFERENT 
MECHANISMS

As mentioned earlier, buffers do not affect the acid-base bal-
ance in a radical way; they only minimize the impact of a 
change. Lungs also have a limited role because carbon dioxide 
elimination is basically linked up with oxygen consumption; 
its link with acid-base balance is only a matter of convenience 
and expediency. The organ which is truly dedicated to regula-
tion of acid-base balance is the kidney. But all three are impor-
tant because of the time they take to act. Buffers act almost 
instantaneously, lungs take a few minutes to a few hours to 
compensate for an acid-base disturbance, and kidneys take 3-5 
days to do the maximum that they can in case of an acid-base 
disturbance.

DISTURBANCES OF ACID-BASE BALANCE
Disturbances of acid-base balance are conventionally divided 
into acidosis and alkalosis. As the terms indicate, acidosis 
implies accumulation of excess acids or depletion of base in 
the body. Alkalosis is just the opposite, i.e. accumulation of 

Fig. 8.3.7: Buffering action of the phosphate buffer in the renal 
tubules. The phosphate buffer is much more important in the distal 
nephron than in the proximal nephron.

3 Try to explain this observation on your own before you read further.
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excess base or depletion of acids. In acidosis or alkalosis regu-
latory mechanisms tend to ‘compensate’ the disturbance. As 
seen earlier (Equation 9), if the molar ratio of [HCO3

– ] to [CO2] 
is 20 : 1, the pH of the fl uid is 7.4. The strategy employed for 
‘compen sation’ is to restore the ratio to 20 : 1, for which cor-
recting the individual concentrations of HCO 3

– and CO 2
– is 

not essential. Correction takes longer than compensation, and 
may not be possible unless the basic cause of the distur bance 
is treated. Of the two components of the bicarbonate buffer, 
[CO2] depends on respiratory activity while [HCO 3

– ] can be 
altered by renal mechanisms. Disturbances of acid-base bal-
ance which are due to respiratory abnormalities are called res-
piratory acidosis or alkalosis; all others are called metabolic. 
Respiratory acidosis or alkalosis is compensated by alterations 
in urinary HCO3

– loss. Metabolic acidosis or alkalosis is com-
pensated by alterations in respiratory CO2 loss. With this gen-
eral background, let us examine the individual disturbances in 
some detail.

Respiratory Acidosis
Impaired respiratory function which leads to accumu lation 
of carbon dioxide in the body leads to respiratory acido-
sis. Respiratory acidosis may be achieved tempo rarily by 
voluntary breath holding. In disease states, it may be due 
to a diffusion defect, respiratory obstruction, paralysis of 
respiratory muscles, or an injury to the respiratory centres in 
the brain.
 Respiratory acidosis is due to accumulation of excess 
carbon dioxide in the body. It is compensated by an increase in 
urinary loss of H + and an associated renal retention of HCO3

–. 
As a result, [HCO 3

– ] in body fl uids rises and [HCO 3
– ]/[CO2] 

ratio returns towards 20 : 1.

Respiratory Alkalosis
Respiratory alkalosis is relatively rare. It may be induced vol-
untarily by hyperventilation which leads to washing out of 
carbon dioxide from the body. Hyperventilation is one of the 
earliest physiological responses to exposure to low atmospheric 
Po2 (as at high altitude). That is why mild respiratory alkalo-
sis is frequent on acute exposure to high altitude. Respiratory 
alkalosis is compensated by the kidneys by increasing the uri-
nary HCO3

– loss.

Metabolic Acidosis
Metabolic acidosis may occur in:
a. Diarrhoea, due to loss of bicarbonate-rich fl uid from the 

body,
b. Vomiting, if the fl uid lost is predominantly from the small 

intestine (why?)4,
c. Diabetes, due to production of ketone bodies such as ace-

toacetic acid and beta-hydroxybutyric acid, and
d. Renal failure, due to inability of the kidneys to secrete 

enough H +.
 In metabolic acidosis, [HCO 3

– ] of the body fluids is 
reduced. To compensate for it, the person hyperventilates and 

reduces [CO2] as well so that the ratio [HCO3
– ]/[CO2] returns 

towards 20 : 1.

Metabolic Alkalosis
Metabolic alkalosis occurs far less frequently than acidosis. It 
may occur in:
a. Vomiting, if the fl uid lost is predominantly from the stom-

ach (why?),5

b. Patients taking large amounts of sodium bicarbonate as an 
antacid, and

c. Hypokalaemia, due to hyperaldosteronism or any other 
cause, as discussed earlier.

 In metabolic alkalosis [HCO 3
– ] in the body fluids is 

increased. To compensate for it, the person breathes less vigor-
ously and raises [CO2] as well so that the ratio [HCO3

– ]/[CO2] 
returns towards 20 : 1. However, respira tory compensation is 
very limited in metabolic alkalosis because of the accompany-
ing hypoxia. The compensation rarely raises PCO2 above 55 
mmHg.
 As you might have observed, acidosis occurs more fre-
quently than alkalosis, and the body is also better equipped to 
counteract acidosis than alkalosis. Compen sation, even for aci-
dosis, has limits. When the severity of the disorder crosses the 
limits of compensation, the disorder is said to be uncompen-
sated. Then the patient manifests signs and symptoms of acido-
sis or alkalosis. Neurons, being the most sensitive cells of the 
body, are among the fi rst to show abnormalities of function in 
acid-base disturbances. In general, the excitability of the nerv-
ous system is reduced in acidosis and increased in alkalosis. 
Reduced neural excitability manifests as confusion, stupor or 
even coma. Some of the signs of increased neural excitability 
are tetany and convulsions.
 In addition, in metabolic acidosis the respiratory rate and 
depth are markedly increased as a compensatory mechanism. 
But in respiratory acidosis, respiration is depres sed because 
that is the cause of the acidosis. That is how one may distin-
guish between metabolic and respi ra tory acidosis. Clinical 
signs and symptoms, together with laboratory fi ndings, enable 
us to diagnose an acid-base disturbance correctly. Some key 
laboratory findings in the various disturbances have been 
shown in Table 8.3.1.
 Acid-base balance is a complex subject. It interacts in many 
ways also with fl uid and electrolyte balance which increases 
the complexity further. Managing disorders of acid-base bal-
ance needs a combination of clear know ledge of pathophysiol-
ogy, frequent and reliable labo ratory fi ndings, and good clinical 
acumen and experience. In spite of best efforts several patients 
die of acid-base disturbances due to limitations of what medi-
cal science and technology can accomplish. But it would be 
a pity if a patient dies due to the doctor being not suffi ciently 
clear about the pathophysiology of the disorder. This chapter 
is only an introduction to this complex subject. Every medi cal 
student should ensure that by the time he gra duates he has read 
a few more detailed accounts of the subject and become thor-
oughly conversant with its intricacies.

4 Because the small intestinal secretions are bicarbonate-rich.
5 Because the gastric secretion has hydrochloric acid.
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QUESTIONS AND PROBLEMS

1. How does aldosterone affect acid-base balance?
2. Why is the entire discussion of acid-base disturbances 

focussed on the HCO3
–/CO2 buffer? Are the other buffers 

unimportant?

ANSWERS AND SOLUTIONS
1. Aldosterone is a hormone which increases sodium rea-

bsorption and potassium secretion in the renal tubules. 
Secondarily to enhanced sodium reabsorption, it also pro-
motes water reabsorption and thereby increases extracel-
lular fl uid volume. Increased sodium reabsorption leads 
to increased hydrogen ion secretion in the renal tubules. 
Increased urinary potassium loss may lead to hypokalae-
mia, which also increases renal hydrogen ion secretion. 
Therefore, aldosterone tends to produce alkalosis.

2. Other buffers are important, in fact proteins are the most 
abundant buffer in the body. The reason why attention is 
focussed on the HCO3

–/CO2 buffer is that both its compo-
nents can be altered independently in response to homeo-
static requirements. Further, considering the concentrations 
of any one buffer pair gives a good idea of the overall acid-
base status because the concentrations of all buffer pairs are 
interrelated. This is because the concentrations depend on 
the existing pH, which is the same for all buffers, and the 
pK of the concerned buffer. This is often stated in terms of 
the isohydric principle, viz.

[H +] = 
K1 × [acid1]

[salt1]
 = 

K2 × [acid2]
[salt2]

 = 
K3 × [acid3]

[salt3]

 where K1, K2 and K3 are the dissociation constants of the 
three acids respectively. Hence whenever [H +] changes, 
the [acid]/[salt] ratio changes simultaneously for all buffers 
present in the fl uid.

Table 8.3.1: Laboratory fi ndings in acid-base disturbances1

  ACIDOSIS ALKALOSIS

 Respiratory Metabolic Respiratory MetabolicArterial plasma

 

Normal

 UC 2 C 2 UC C UC C UC C

pH 7.4             
Bicarbonate 24            
(mmoles/L)

Carbon dioxide3 1.2     N4      N4  
(mmoles/L)
[HCO3

– ]/[CO2] 20            
1This Table is primarily for recapitulation. The best way to study it would be to cover the part having data with a thick paper. Fill in the data 
for one column or row on your own, and then slide the paper to verify your answers. In case of a discrepancy, think and work out the reason.
2UC, uncompensated; C, compensated.
3Carbon dioxide is usually measured as Pco2. Molar concentration of CO2 in mmol/L is equal to 0.03 × Pco2 (in mmHg).
4No signifi cant change.
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8.4
Applied Renal Physiology

Normal renal function is so important for homeostasis that situ-
ations in which renal function is impaired can be life-threaten-
ing. The clinical and laboratory fi ndings in renal disease can 
usually be explained in terms of altered physiology. We shall 
try to do that briefl y for a few common syndromes.

ACUTE RENAL FAILURE

Rapid deterioration of renal function may be due to disorders 
within or outside the kidneys. Accordingly, the causes of acute 
renal failure are sometimes divided into pre-renal, renal and 
post-renal. An important pre-renal cause is cardiovascular 
shock. Shock is accompanied by intense vasoconstriction in 
the splanchnic vessels includ ing those supplying the kidneys. 
If the vasocons triction is prolonged, kidneys may be damaged 
enough to lead to acute renal failure. Important renal causes 
of acute renal failure are nephrotoxins such as carbon tetra-
chlo ride and heavy metals such as mercury; acute glomerulo-
nephritis; and incompatible blood transfusion (Chapter 2.9). 
Occasionally renal failure may be precipi tated by post-renal 
causes such as prostatic hypertrophy, urinary calculi, or trau-
matic rupture of the urinary bladder.

Pathophysiology
The basic defect in acute renal failure is a severe reduction 
in glomerular fi ltration rate (GFR). This is a serious defect 
because unless fi ltration is adequate, waste products cannot 
be excreted in suffi cient amounts even if tubular mechanisms 
are intact. Because the fi ltration is reduced but reabsorption 
may be considerable, the patient usually has a marked reduc-
tion in urine output (oliguria). How ever, about half the patients 
do not have oliguria, and some may even develop polyurea 
(excessive urine output). This happens because along with the 
low GFR, tubular reabsorption is also reduced simultaneously 
due to tubular damage. However, the normal or high urine 
output is deceptive because the patient fails to excrete urea 
and other nitrogenous waste products due to inadequate fi ltra-
tion. As a result the blood level of these waste products keeps 
rising.

 In addition, a patient with acute renal failure usually 
develops sodium and water retention, metabolic acidois and 
hyperkalaemia.1

 Fortunately most causes of acute renal failure are self-
limiting or reversible. Therefore, if homeostasis is maintained 
(through dialysis, if necessary) and urinary tract infection is 
prevented, most patients recover completely in a few weeks to 
a few months.

CHRONIC RENAL FAILURE
Chronic renal failure (CRF) results from the irreversible loss 
of a large number of nephrons. Because of the physiological 
reserve, manifestations of CRF appear only after more than 
about two-thirds of the nephrons have been lost. A large variety 
of renal diseases can progress to CRF. Some of the common 
causes are chronic glome rulonephritis, pyelonephritis and 
polycystic kidney. Two major systemic diseases which fre-
quently involve the kidneys and lead to CRF are hypertension 
and diabetes mellitus. Hypertension has a two-way relation-
ship with the kidneys. Hypertension may be associated with 
arteriosclerotic changes in renal vessels, consequent reduction 
in renal blood fl ow, and loss of nephrons. On the other hand 
renal disease may induce hypertension through the renin-angi-
otensin mechanism. Thus when hypertension and renal disease 
are present together, either may be the cause and the other the 
effect.

Pathophysiology
There is considerable overlap between the pathophy siology of 
later stages of acute renal failure and that of CRF. The distinc-
tion is often based primarily on history. The urine output in 
CRF is considerable, usually far above normal (polyurea). This 
is basically due to the failure to reabsorb much from the fi ltrate. 
In fact because of loss of tubular mass the ability to dilute as 
well as concentrate urine is lost. Therefore the specifi c gravity 
of urine gets more or less fi xed at 1.008, i.e. the specifi c grav-
ity of the glomerular fi ltrate. Because of reduced renal plasma 
fl ow and reduced GFR, in general the body retains more of 

1 Hyperkalaemia may be secondary to acidosis (Chapter 8.3).
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everything that is normally excreted in the urine. The only sig-
nifi cant exception is bicarbonate, which is normally generated 
by the kidneys.
 Retention of water and sodium leads to expansion of extra-
cellular fl uid volume, and sometimes edema. How ever, since 
the degree of water retention is greater than that of sodium 
retention, the blood level of sodium usually falls.
 Retention of nitrogenous waste products leads to an 
increase in the blood level of urea, uric acid, creatinine and 
other non-protein nitrogenous substances. Although blood 
urea is a good indicator of the severity of CRF, elevated urea 
levels are not in themselves very toxic. Raised urea levels may 
account for anorexia, vomiting and headache. But the most 
serious manifestations of CRF are due to fl uid, electrolyte and 
acid-base imbalance.
 Failure of the kidneys to secrete H + and to generate HCO3

– 
leads to metabolic acidosis and a fall in the blood level of 
bicarbonate. Acidosis may be partly compensated by deep and 
rapid breathing.
 Regarding potassium balance, in CRF we have a peculiar 
situation of intracellular potassium depletion and excess extra-
cellular potassium. Potassium depletion is due to a combina-
tion of various factors. The chain ‘renal ischaemia  renin  
angiotensin  aldosterone’ often leads to elevated aldosterone 
levels in CRF. That increases the urinary and colonic loss of 
potassium. Further, vomiting, diarrhoea and diuretics may add 
to potassium depletion. But in spite of heavy potassium losses, 
the blood level of potassium may be normal or even high due 
to acidosis. As discussed earlier (Chapter 8.3) in acidosis H + 
ions enter the cells, and in exchange K + ions are driven out of 
the cells.
 A patient of CRF also has anaemia due to inadequate eryth-
ropoietin synthesis by the kidneys.
 Osteomalacia is also a frequent feature of CRF because 
kidneys are normally the site of synthesis of 1, 25-dihydroxy 
vitamin D3, the active form of vitamin D. In CRF the synthesis 
of this compound is defi cient. Hence calcium absorption from 
the gastrointestinal tract is impaired, thereby reducing calcium 
availability to bones. Osteoporosis may be further superim-
posed on osteo malacia due to the dissolution of bone buffers as 
a result of acidosis.
 Finally, in advanced CRF the patient may go into coma. 
Although commonly called uremic coma, the coma of CRF is 
due to acidosis, hyperkalaemia and other fl uid and electrolyte 
imbalances, not due to the high blood urea level. In terminal 
stages, the blood pressure falls progres sively, partly due to the 
vasodilator response to acidosis. Death usually occurs when 
the blood pH has fallen to about 6.8.

MANAGEMENT OF RENAL FAILURE
Depending on the nature and severity of the disease, conserva-
tive medical treatment may be enough or more radical meas-
ures such as dialysis or renal transplantation may be necessary.

Conservative Medical Treatment
As in any disease, the most important approach is to treat the 
basic cause. In renal failure, prerenal or postrenal causative 

factors, if any, should be corrected as far as possible. Any 
complications and associated conditions such as urinary tract 
infection, urinary calculi, hyper tension, and diabetes should be 
treated. Fluid and electro lyte imbalances should be corrected. 
In this respect, diet can play an important role. All the sub-
stances which are retained in the body, such as water, sodium 
and phosphate, should be restricted in the diet. Since the body 
has diffi culty in eliminating urea, the patient should be given a 
low protein diet. But the quality of protein should be high so 
that (a) even the reduced intake is able to meet the needs of the 
body for protein synthesis, and (b) only minimal amounts of 
unutilized amino acids are left behind for being broken down 
to urea. The diet should be supplemented with 1, 25-dihydroxy 
vitamin D3, which the diseased kidney may not be able to 
manufacture in adequate amounts.

Dialysis
Dialysis is very simple in principle but gets quite complex and 
expensive in practice. The principle of dialysis is to exploit the 
process of diffusion for normalizing the compo sition of plasma 
of the patient. The patient’s blood is separated from the dia-
lysing fl uid by a semi-permeable membrane through which all 
components of the blood except cells and plasma proteins can 
pass. The compo sition of the dialysing fl uid is so designed that 
all the waste products which have accumulated in the patient’s 
blood diffuse from the blood into the dialysing fl uid. Thus in 
the dialysing fl uid urea, urate, creatinine, phosphate and sul-
phate are totally absent, sodium and potassium are present in 
a lower concentration than in normal plasma, and bicarbonate 
is present in a higher concen tra tion than in normal plasma. 
To some extent, the solu tion is tailor-made on the basis of the 
patient’s laboratory reports.
 There are two types of dialysis: peritoneal dialysis and 
haemodialysis. In peritoneal dialysis diffusion takes place 
across the patient’s own peritoneal membrane. About one litre 
of dialysing solution is introduced into the peritoneal cavity, 
and 20-60 min are allowed for exchange between the blood 
and dialysing solution. Then the solution is withdrawn and 
fresh dialysing solution injected. The process may have to be 
repeated for 24-72 h at a time. Although peritoneal dialysis 
needs no expensive equipment, the expense of the solutions 
is considerable. Further, it is cumbersome and peritonitis is a 
frequent and serious complication. Therefore haemodialysis is 
preferred to peritoneal dialysis.
 In haemodialysis blood from one of the arteries of the 
patient is led to the dialysing machine (artificial kidney). 
Simultaneously the dialysing solution is also infused into the 
dialysing machine. In the machine the blood and the solution 
are separated by only a thin cellulose acetate or cellophane 
membrane. Blood and the solution fl ow on either side of the 
membrane in opposite directions. The blood fl owing out of 
the machine is returned to the patient through one of his veins. 
In order to keep the blood fl owing, an anticoagulant such as 
heparin is added to it. The dialysate fl owing out of the machine 
is collected in a bottle and discarded. Patients on haemodialy-
sis usually need it for 10-15 h per week in 2-3 sessions.
 There is general agreement that every patient having acute 
renal failure should receive the benefi t of dialysis if necessary. 
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The reason is that most causes of acute renal failure are revers-
ible. If dialysis can support the patient for a few weeks during 
a period of crisis, his own renal function recovers and takes 
over. Patients of chronic renal failure can also generally live 
for several extra years if supported by dialysis regularly. 
However, because of the heavy cost of dialysis every patient 
who can benefi t from dialysis does not have access to it. How 
the patients of CRF should be selected for dialysis, and to 
what extent the state should support the expenses, are diffi cult 
social and ethical issues on which the last word is yet to be 
said. Renal transplantation is, in the long run, a less expensive 
treatment for CRF. But the criteria for selection of patients for 
transplantation are very stringent. It is generally agreed that if 
a patient is suitable for transplantation, dialysis should be pro-
vided while the patient is waiting for a suitable donor.

Renal Transplantation
Renal transplants were among the fi rst transplants to be done 
and are among the most successful. Both cadaver donors and 
live donors are commonly used. Detailed antigen typing (e.g. 
blood group and HLA) of both donor and recipient is essential 
for matching the donor and recipient. However, in spite of best 
efforts, some immuno-suppression is generally necessary and 
occasionally a graft is rejected.

RENAL FUNCTION TESTS
Renal function may be assessed by means of several tests. In 
general, tests which give an exact and direct idea of renal func-
tion are diffi cult, expensive or cumbersome while renal func-
tion may be indirectly deduced from many simple and routine 
tests.

1. Clearance Tests
Some of these have been mentioned already (Chapter 8.2). For 
example, inulin clearance for measuring glomerular fi ltration 
rate, and p-amino hippuric acid (PAH) clearance for measur-
ing renal plasma fl ow. Sometimes urea clearance, which is 
normally about 75 mL/min, is also used for assessing renal 
function.

2. Measurement of Maximum Tubular Transport
The upper limit of the tubular capacity for transporting various 
substances is a useful indicator of renal function. The tubular 
maximum for transport of glucose (TmG) has already been 
discussed (Chapter 8.2). In addition, TmPAH and TmPO 4

3– are 
also frequently measured.

3. Concentration Test
The ability of the kidney to concentrate urine is tested by 
depriving the subject of water for 12-14 h. At the end of this 
period a person with normal kidneys should produce urine with 
an osmolarity of more than 700 mOsmol/L.

4. Dilution Test
Like the concentrating ability, ability of the kidneys to dilute 
the urine may also be tested by overloading the subject with 
water. But this is done less commonly because the diluting 

ability of kidneys is often normal even in fairly advanced renal 
disease.

5. Acidifi cation Test
Ability of the kidneys to secrete H + and acidify urine is tested 
by administering 0.1 g of ammonium chloride per kg body 
weight. Ammonium chloride generates H + in the body as 
follows:

 NH4Cl  NH4
+ + Cl –

 2NH4
+ + CO2  CO(NH2)2

Urea
 + H2O + 2H +

 In other words, NH4Cl forms urea and HCl. Hydro chloric 
acid is a strong acid and normal kidneys respond to it by secret-
ing more H +. In a person with normal kidneys, 6 h after admin-
istration of NH4Cl, the urine should have a pH of 4.6-5.3.

6. Renography
A radioactive substance excreted by the kidneys, e.g. 125I- or 
131I-hippuran is administered intravenously. Then radioactiv-
ity is counted by placing counters over the renal angles. Three 
phases of radioactivity can be detected over normal kidneys.
 The fi rst phase is one of a rapid increase in counts and is 
due to radioactivity in the renal arteries and their branc hes. The 
second phase is a plateau phase which represents the passage 
of the radioactive substance through the renal tubules. The last 
phase consists of a decline in the counts due to radioactivity 
being carried away in the urine. In case of nonfunctioning kid-
neys very little radioactivity can be detected over the kidneys 
because even the blood fl ow to such kidneys is poor. If the fl ow 
of urine has been recently obstructed (e.g. by a stone) but the 
kidney is still functioning, there is a rapid rise and then a slow 
rise in radioactivity over the kidney. But the radioactivity does 
not come down because urine does not fl ow out of the kidney 
due to the obstruction.

7. Urinalysis
Simple tests routinely done on the urine are inexpensive and 
give a good indirect idea of renal function. These tests include 
24-h urinary volume (normal 1000 to 2000 mL), speicfi c grav-
ity of urine (normal 1.002 to 1.032) and detection of proteins in 
the urine (normally absent).

8. Blood Urea
This is the single most common test of renal function per-
formed routinely. But the level of blood urea may not rise till 
the disease is considerably advanced because of the enormous 
physiological reserve. The normal level is 20-40 mg/dL.

9. Serum Creatinine
Like urea, creatinine is also a nitrogenous metabolic product 
which may not be adequately excreted by diseased kidneys. 
The normal serum level is less than 2 mg/dL.

PREVENTION OF RENAL DISEASE
Renal disease is to a large extent preventable. It is often sec-
ondary to two common diseases: hypertension and diabetes 
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mellitus. Renal complications of these diseases may be pre-
vented by prevention or early diagnosis and management of 
these diseases. Two common, and largely preventable, causes 
of renal disease are urinary tract infection and stones (or cal-
culi) of the urinary tract. Both these are more likely to occur 
when the urine is concen trated. Concentrated urine is a good 

medium for bacterial growth. And precipitation of urinary salts 
to form calculi is also more likely if the urine is concentrated. 
Hence, to prevent these two common diseases of the urinary 
tract, a dilute urine is very helpful. And, to get a dilute urine all 
that is required is plenty of water to drink. It is astonishing how 
simple the prevention of some dreaded diseases can be!
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8.5
Physiology of Micturition

Kidneys form the urine continuously but voiding of urine, or 
micturition, is a periodic process. The urine collects in the uri-
nary bladder. Continuous addition of urine dis tends it many 
fold before a signifi cant rise in intravesical pressure occurs. 
When the intravesical pressure rises steeply, the urine is 
voided, or at least an urge to pass the urine is felt. Micturition 
is initiated voluntarily when the circumstances are appropriate. 
This voluntary control is known to exist only in human beings 
and dogs (male).1 In all other species micturition seems to be 
an involuntary process.

FUNCTIONAL ANATOMY
Urinary bladder is a hollow organ lined by transitional epithe-
lium. Transitional epithelium is pre-eminently suited for the 
bladder because it can stretch enormously without tearing. 
When not unduly stretched, mucosa of the bladder is thrown 
into folds known as rugae except in a triangular area at the 
base. In this triangular area, known as the trigone, the mucosa 
is smooth. The wall of the bladder has smooth muscle which is 
here called the detrusor. Contrary to some older descriptions, 
the musculature of the bladder is not organized into distinct 
layers. It shows liberal interlacing of fi bres, which are func-
tionally connected with each other through low resistance junc-
tions. Hence the bladder muscle behaves like a syncytium: 
when any part starts contracting, the wave of contraction rap-
idly spreads to the entire bladder.
 At the neck of the bladder resides the ‘internal sphincter’. 
In fact no ring of smooth muscle which may be called a sphinc-
ter exists there. What exists is only a sphincteric mechanism 
which is very peculiar in the sense that when the bladder mus-
culature contracts, the sphincter opens passively or automati-
cally (Fig. 8.5.1). There is also an external sphincter around 
the urethra, which is a part of the skeletal (voluntary) muscles 
of the pelvic fl oor. The external sphincter is relatively poorly 
developed in females.
 At the upper end of the bladder are the openings of the ure-
ters. Ureters enter the bladder obliquely. As a result, when the 
bladder contracts, the tense bladder wall presses hard against 
the ureteric openings and closes them shut. That is why during 

1 You must have observed a dog stop, lift a leg up, and pass the urine ‘voluntarily’.

Fig. 8.5.1: Distended urinary bladder in a relaxed (A) and contracted 
(B) state. The dotted lines in A indicate how contraction widens up 
the opening between the bladder and the urethra.

micturition, or while hold ing urine in a full bladder, urine does 
not fl ow back from the bladder into the ureters. Ureters are also 
furnished with smooth muscle in their walls which aids the 
fl ow of urine. Peristaltic waves starting at the renal pelvis are 
conducted down the ureters and propel the urine towards the 
bladder.

Innervation
The bladder has sensory nerve fi bres which convey informa-
tion about the degree of distension of the bladder, and some-
times also the conscious sensation of discomfort or pain. These 
fi bres travel in the pelvic, hypogastric and pudendal nerves.
 The motor innervation of the bladder is both sympa the tic 
and parasympathetic. The sympathetic fi bres originate in the 
fi rst two lumbar segments of the spinal cord. These fi bres pos-
sibly supply only the blood vessels; their infl uence on contrac-
tile activity of the bladder is uncertain.
 The parasympathetic fibres to the bladder originate in 
the 2nd, 3rd and 4th sacral segments of the spinal cord. 
These fibres have a strong stimulatory effect on bladder 
musculature.
 The external sphincter is a skeletal muscle, and is accor-
dingly supplied by a somatic nerve (pudendal nerve) which 
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originates in the third and fourth sacral segments of the spinal 
cord.
 The ureters are supplied by both sympathetic and parasym-
pathetic nerve fi bres, and also have an intra mural plexus run-
ning throughout their length. Thus the neural organization and 
functional characteristics of ureters resemble those of the gas-
trointestinal tract.

MECHANICS OF MICTURITION
Urine keeps collecting in the bladder till it is reasonably full; 
then it is voided almost completely in less than a minute and 
the process of refi lling starts all over again. The two phases—
fi lling and emptying—can be explained most simply in terms 
of the interplay of pressure in the bladder and the so-called 
internal sphincter.

Filling of the Bladder
During the filling phase the bladder pressure is low, and 
the sphincteric pressure is high. Both these pressures need 
comment.
 The bladder pressure is low because of the characteris tic 
pressure-volume relationship of the urinary bladder (Fig. 8.5.2). 
The pressure in an empty bladder is almost zero. Addition of a 
small volume of urine (or any fl uid) to it raises the pressure 
rapidly to about 5 mmHg. But further additions of fl uid do not 
raise the pressure further due to extreme distensibility of the 
relaxed bladder. However, when the bladder contains about 
200 mL of fl uid the pressure rises abruptly, thereby creating 
the possibility that it might exceed the sphincteric pressure. A 
graphic record of the pressure-volume relationship in the uri-
nary bladder is called a cystometrogram.
 The internal vesical sphincter actually corresponds to about 
2 cm of urethra just beyond the bladder meatus. This portion 
of the urethra constitutes the entire urethra in the female, and 
is also variously referred to as the posterior urethra, or even 
the bladder neck. Since no well-defi ned anatomical sphincter 
exists, we may call it a functional sphincter, or simply a sphinc-
teric mechanism. The pressure in the internal sphincter region 
is high due to its high tension, small lumen, and relatively long 
length.
 The tension is high due to the presence of elastic fi bres in 
the neck of the bladder. The pressure, P, is directly proportional 
to T/r according to La Place’s law. Thus a high tension and low 
radius make the pressure very high. The length of the sphinc-
teric region further adds to the resistance to fl ow but experi-
ments have shown that just the meatus is suffi cient to prevent 
fl ow during the fi lling phase, or to preserve continence.
 Like the length of the urethra, the external urethral sphinc-
ter is also not essential for continence. However, the external 
sphincter does remain tonically contracted except during mic-
turition and contributes to the mecha nisms of continence. As 
is true of almost all other important mechanisms of the body, 
continence also has a physiological reserve.

Emptying of the Bladder
Emptying is the result of a precipitous rise in the bladder pres-
sure and a fall in the sphincteric pressure. The rise in bladder 
pressure on reaching a threshold volume has already been 

Fig. 8.5.2: Pressure-volume relationship in the urinary bladder. A. 
Effect of a slow continuous infusion of water into the urinary bladder 
of an anesthetized cat on the intravesical pressure. B. Simultaneous 
record of cumulative volume of urine voided. (A and B, based on 
experimental records. Time scale for B also applies to A). C. Pressure-
volume relationship in the human urinary bladder. The effect of 
contractions of the urinary bladder due to the micturition refl ex (as 
seen in A) has been omitted.

referred to. During micturition the pressure rises still further 
due to active contraction of bladder musculature. Micturition 
is also aided by contraction of the diaphragm and abdominal 
muscles. However, con traction of diaphragm and abdominal 
muscles is not essential because individuals in whom these 
muscles are paralyzed can also micturate.
 The fall in pressure in the internal sphincteric region is due 
to contraction of the bladder musculature which makes the 
posterior urethra shorter and wider. Fall in the external vesi-
cal sphincter is due to voluntary relaxa tion of the sphincter. 
Relaxation of diaphragm and abdo minal muscles and contrac-
tion of the external sphinc ter are important also for the termi-
nation of micturition so that the bladder can start fi lling again 
to restart the cycle.

NEURAL MECHANISM OF MICTURITION
The urinary bladder possesses an intrinsic myogenic mecha-
nism which leads to rhythmic contraction of the bladder if it 
is fi lled beyond a threshold. But this instrinsic mechanism is 
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normally overshadowed by an elaborate neural mechanism. 
The neural mechanism in most animals provides for a mictu-
rition refl ex. But in human beings and perhaps dogs (male), 
the neural mechanism is more elaborate so that a voluntary 
component is added to micturition. As a result of this voluntary 
component, micturition can be postponed for a reasonable time 
till a suitable opportunity is available; it can be initiated at will 
even when the bladder is not full; and it can be terminated at 
will even in the middle of the act, if necessary.
 The sensation of a full bladder is probably due to the stimu-
lation of stretch receptors. A wide variety of rapidly adapting as 
well as slowly adapting mechanoreceptors have been described 
in the bladder wall. Information from these receptors is con-
veyed to the central nervous system by sensory nerve fi bres. 
There is a central integrating centre in the sacral spinal cord 
which can lead to a rather primitive micturition refl ex. But nor-
mally the sacral refl ex arc is under the overwhelming infl uence 
of impulses coming from several areas in the brainstem, prin-
cipally the anterior pons. Consistent with the voluntary control 
of micturition, there are neural con nections originating in the 
cerebral cortex which impinge on pontine and other brainstem 
areas concerned with micturition.
 When the bladder has more than about 200 mL urine, there 
is an urge to micturate. If and when the opportunity is suit-
able, the process is initiated by contraction of the diaphragm 
and abdominal muscles, and relaxation of muscles of the pelvic 
fl oor. That results in a further increase in the intravesical pres-
sure. That leads to removal of the higher inhibitory infl uences 
on the micturition refl ex, and relaxation of the external ure-
thral sphincter. The result is the onset of the micturition refl ex 
char acterized by strong contraction of the urinary bladder and 
expulsion of urine. Once emptying of the bladder begins, it 
becomes a self-intensifying process due to a number of posi-
tive feedback refl exes. Contraction of the bladder muscula-
ture refl exly leads to further vesical contraction. Flow of urine 
through the urethra also leads to vesical contraction. The cen-
tral organization for both these refl exes resides in the pons. 
But since these refl exes are seen also in the spinal animal, a 
primitive neural circuitry for these refl exes seems to be present 
also in the spinal cord. As a result of these positive feedback 
mecha nisms the bladder is emptied almost completely quite 
rapidly. When the bladder is empty, fl ow of urine stops, the 
bladder relaxes and the external urethral sphincter is closed. 
The bladder is now ready to fi ll up again, thus starting the cycle 
all over again.

ABNORMALITIES OF MICTURITION

Neural injuries involving the pathways concerned with mic-
turition give rise to various abnormalities. In general the 
abnormality is more severe to begin with. But as time passes 
the refl ex mechanisms located in the spinal cord recover their 
potential, and the patient also learns to manage the handicap 
better.

Atonic Bladder
As the term indicates, it is a condition in which the bladder 
is fl accid and completely relaxed all the time. It is seen for a 
few days to weeks in any injury to the neuraxis which inter-
rupts the infl uences of the brainstem and higher areas of the 
brain on the sacral neuronal circuitry concerned with micturi-
tion. It is a state of ‘shock’ when the spinal cord mechanisms 
do not do even what they can do because of being suddenly 
deprived of guidance from above to which they are accus-
tomed. Atonic bladder is a more permanent feature when sen-
sory fi bres conveying information about fi lling of the bladder 
are interrupted. In the absence of this information neither the 
spinal cord nor the brainstem micturition refl exes can operate. 
An atonic bladder keeps fi lling till it cannot contain any more 
urine. Then it just forces a little urine out of the urethra pas-
sively. The functional state bears the descriptive name, over-
fl ow incontinence.

Automatic Bladder
A few days to weeks after an injury which deprives the sacral 
micturition centre of higher control the spinal cord refl ex starts 
operating. The bladder fi lls to a threshold, and then empties to 
a considerable extent as a result of vesical contraction. But this 
happens without any voluntary control. Hence the term auto-
matic bladder. However, gradually the patient learns to stimu-
late micturition by stroking the skin in the genital area. Thus 
he can empty the bladder periodically at a desirable time and 
place even without voluntary control.

Neurogenic Bladder
This is a term used for an irritable bladder which empties small 
quantities of urine at a time repeatedly. Further, the patient 
is unable to control the onset of micturition satisfactorily. It 
results from incomplete destruction of some of the neural path-
ways involved in micturition.
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9.1
Getting Introduced to the 

Endocrines

Most of the organ systems of the body make a clearly recogniz-
able contribution to the regulation of milieu interior. For exam-
ple, the gastrointestinal tract replenishes nutrients, the respira-
tory system replenishes oxygen and removes carbon dioxide, 
and the cardiovascular system (CVS) delivers nutrients and 
collects waste products from all cells of the body. Although 
each system has a distinct purpose, it cannot function in iso-
lation. For example, when the gastrointestinal tract is digest-
ing food, its blood fl ow should increase. That requires a link 
between the gut and the CVS. To elaborate, there should be a 
mecha nism to tell the CVS that the gut is working hard, and 
the CVS should respond appropriately to this message. Such 
examples, where close coordination between various systems 
is essential, can be multiplied manifold. The coordi nation is 
achieved by two systems which have specialized specifi cally to 
perform that function. These systems are the endocrine system 
and the nervous system. Obviously these systems should be 
capable of trans mitting messages. The endocrine system is 
comparable to the postal system. A hormone is like a letter 
posted by an endocrine gland. It is addressed to a target organ 
or organs. On the other hand, the nervous system is compar able 
to the telegraphic system. It is faster than the postal system, 
and employs a code (frequency/pattern of nerve impulses) to 
convey a message. However, it should be borne in mind that 
there is no watertight boundary bet ween the endocrine and the 
nervous system. On the con trary, they infl uence each other, and 
at some points, there is an organic and functional link between 
them. Hor mones synthesized in the hypothalamus (a part of the 
brain) are stored in and released from the posterior pituitary (a 
part of the endo crine system). Substances which are secreted 
from endo crine cells of the gut are also secreted at several 
nerve endings. Thus there are several meeting points between 
the two major regulatory systems of the body: the endo crine 
system and the nervous system. All vital functions of the body, 
e.g. temperature regulation, energy balance, growth, develop-
ment and reproduction depend upon integrated neuro-endo-
crine activity.
 Recent work has added yet another partner to the neuroen-
docrine axis, the immune system. Although it does not per-
form the function of coordination, it also functions through a 
series of intercellular chemical messen gers. Further, some of 
these messengers, such as interleukins, affect the release of 

corticotropin release hormone from the hypothalamus, cortico-
tropin from the pituitary, and possibly several other hormones. 
On the other hand, neural factors, such as emotional stress or 
con d itioning, affect immune responses. Another fasci nating 
fact which is beginning to come to light is that several hormone 
receptors bear a remarkable resem blance to immunoglobulins. 
The role of immuno logical mechanisms in protecting us from 
external challenges (such as bacteria) and internal challenges 
(such as cancer cells) is their contribution to homeostasis and 
survival. Thus the neuroendo crine and immune systems make 
general and widespread contributions to homeostasis in con-
trast with other sys tems of the body which make specifi c and 
limited contributions.

WHAT ARE ENDOCRINE GLANDS?
Endocrine glands are small in size but great in impor tance. The 
major endocrine glands have been shown in Fig. 9.1.1. These 
glands are known as endocrine (endon, within; krinein, to sepa-
rate) because their secretion is poured directly within the body, 
i.e. in the bloodstream. Since these glands do not use ducts to 
convey the secretion to a neighbouring target, they are also 
called ductless glands. The secretions, known as hormones, cir-
culate all over the body in the blood but may produce effects 
only in selected sites. The target organ(s) may or may not be 
near the site of production of the hormone.
 Endocrine glands sense changes in the internal environ -
ment. They respond by an appropriate change in the secre-
tion of their hormone (hormaein, to arourse or to stimulate). 
Hormones transmit messages from endocrine glands to target 
organs, and hence may be referred to as chemical messengers. 
They do not participate in meta bolic reactions as reactants or 
catalysts. Hormones differ from enzymes in that they are not 
necessarily pro teins, whereas all enzymes are. Moreover, they 
do not catalyse biological reactions the way enzymes do. How-
ever, hor mones often modulate the activity of enzymes. But 
hormones act only on cells, not in an acellular medium the 
way enzymes might. They infl u ence cellular activity by com-
bining with a receptor, pre sent either on the cell membrane or 
inside the cell. Although a hormone literally is a substance that 
stimu lates, the term is used both for the chemical messengers 
which have an exci tatory func tion, and for those which have 
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an inhibitory function. The hormones turn “on” and turn “off” 
enzy mes in a cellu lar medium, and thereby closely regulate the 
intra cellular activities in such a way as to maintain the inter nal 
environment within the range necessary for sur vi val in spite of 
environmental changes, growth, deve lop  ment, or reproduction. 
Recent disco veries have widened the range of chemicals which 
may not be classi cal hormones but are related to them very 
closely in seve ral ways. The result is a broad concept encom-
passing a continuous spectrum of chemicals extending from 
the clas sical hormones at one end to classical neuro trans mitters 
at the other. An effort has been made to organize the complex 
situation into a systematic scheme in Figure 9.1.2. However it 
is important to realize that the same chemical can don differ-
ent hats in different scenarios. For example, insulin, which is 
secreted by the beta cells in the pancreas can infl uence beta cell 
activity in an autocrine manner, diffuse along the interstitium 
to the alpha cells of the pancreatic islets and affect glucagon 
secretion (paracrine action), and also reach distant organs like 
the liver and muscle via the bloodstream to regulate glucose 
metabolism there (endocrine action). Some classical hormones 
such as cholecystokinin are also secreted by neuronal cells 
involved in appetite regulation, and may thus be considered as 
both endocrine and neurocrine secretions.

The Organization of the Endocrine System
The endocrine glands are scattered throughout the body 
(Fig. 9.1.1). They are interconnected by the vascular sys tem, 
and in some instances the nervous system also. This is in 

Fig. 9.1.1: The major known endocrine glands in the human body. 
The glands found only in females have been enclosed in a rectangle, 
and the glands found only in males have been drawn just below the 
rectangle.

Fig. 9.1.2: The basic similarity between endocrine, paracrine, 
autocrine and neurocrine secretions.

Autocrine Action

Autocrine (autos, self) action implies action by a chemical on 
the cells which produce it. Some of the known examples of 
autocrine action are:
1. Endothelins, secreted by vascular endothelium, act 

on the endothelial cells (via ETB receptors) to release 
nitric oxide, which in turn, brings about vasodilatation 
(Chapter 3.10).

2. Enterochromaffi n-like (ECL) cells of the stomach secrete 
histamine. One of the actions of histamine is to act in an 
autocrine fashion on ECL cells to inhibit their histamine 
production (Chapter 6.4).

Although not many examples of autocrine action are known, 
the phenomenon may not be uncommon. After all, isn’t 
changing oneself the only change one can hope to bring 
about successfully.

contrast to the other systems in the body, the cons tituent organs 
of which have anatomic continuity. The endocrine glands com-
municate with one another through functional interactions. 
Because of lack of anato mic conti nuity, one can never be sure 
of the extent of the endocrine system. Many new sources of 
hormones are being dis covered from time to time. In fact, the 
scope of chemical communication has expanded so much as a 
result of recent discoveries that the traditional concept of hor-
mo nes has received a thorough shake-up. The endocrine glands 
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shown in Figure 9.1.1 and discussed in this section are thus 
based on somewhat arbitrary and tentative criteria. Further, 
there is a growing realization that other organs not listed with 
the traditional endocrine glands also secrete many important 
hormones. Some of these ‘non-classical’ endocrine organs and 
their principal secretions are shown in Table 9.1.1. and are dis-
cussed in greater detail in other sections.

Regulation of Hormone Secretion
The quantity of hormones secreted is regulated in accordance 
with their requirement. It may be the amount synthesized that 
is regulated, or the amount released, or both. Regulation in 
terms of requirements is best accom plished through a feed-
back from the blood concentration of the hormone concerned 
or some result of action of the hormone. The infl uence of these 
factors generally is to inhibit further secretion of the hormone 
and is called negative feedback. Occasionally, however, the 
hormone may stimulate its own secretion; this phenomenon is 
called positive feedback.
 Since the hypothalamus and pituitary are involved in 
the regulation of a very large number of hormones, regula-
tion by these has been illustrated in a generalized diagram in 
Figure 9.1.3.

Transport of Hormones
It is important to know some details of how the hormone 
reaches the site of its action. After secretion, hormones enter 
the bloodstream and circulate in the plasma either as such or 
bound to a protein. In general, protein and peptide hormones 
and catecholamines circulate free, whereas steroids and the 
thyroid hormones are bound to specifi c globulins which are 
synthesized in the liver. Bound hormones are protected from 
renal excretion, and hence stay longer in circulation than the 
free hormones.

Hormone Receptors
Endocrine glands pour their secretions (hormones) directly 
into the bloodstream. Since blood travels to all parts of the 
body, hormones travel to all parts of the body. But not all hor-
mones infl uence the activity of all cells of the body. In fact, 
most hormones act in only a few organs (called target organs). 

Table 9.1.1: Endocrine functions of some ‘non-classical endocrine organs’

Organ Hormone secreted Role of secreted hormone

Heart Atrial Natriuretic Peptide Regulation of sodium excretion
Stomach Ghrelin Appetite stimulant
Intestines Glucagon-like peptide (GLP-1), Cholecystokinin (CCK), Regulation of satiety, insulin secretion by the pancreas,
 Glucose dependent insulinotropic peptide (GIP) intermediary metabolism
Liver Insulin like Growth Factor (IGF) Somatic growth
Adipose tissue Leptin, Adiponectin Body weight regulation, glucose and lipid metabolism
Kidney Renin, Erythropoetin, 1-25 dihydroxyvitamin D Regulation of blood pressure, erythropoesis and calcium 
  homeostasis
Macrophages Cytokines, Interleukins Immune function, possible modulation of energy balance and 
  intermediary metabolism

Fig. 9.1.3: General scheme of regulation of hormone secretion by 
the hypothalamo-pituitary axis. The secretion of a large number of 
hormones is regulated by this mechanism.

1 These receptors have nothing to do with sensory receptors.

If hormones go to all organs, how do they manage to act only 
in target organs? The answer to this question is that a hormone 
acts only in those organs which have receptors1 for the hor-
mone. A receptor is a molecular assembly, which recognizes a 
specifi c hormone. The hormone and its receptor form a com-
plex comparable to a lock and key. After the complex has been 
formed, the action on the target cell begins.

CLASSIFICATION OF HORMONES
Although the hormones may be classified in many ways, 
here we shall classify them in terms of the localization of 
the receptor and the nature of the hormone-receptor interac-
tion. Chemically, most hormones belong to one out of two 
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categories. One category is that of steroid hor mones. The 
second is that of peptides and amino acid deri vatives. In gen-
eral, the receptors for steroid hormones are located within the 
cell whereas the receptors for peptide and related hormones are 
located on the cell membrane. An exception is thyroxin, which 
is an amino acid derivative but has an intracellular receptor. 
Further, the intracellular receptor may be in the cytoplasm or in 
the nucleus. And in case of cell membrane receptors, the mol-
ecule mediating the effect of the hormones (called second mes-
senger) could be one out of several known. Keeping these cri-
teria in view, a classifi cation of hormones has been presented 
in Table 9.1.2.

GENERAL FUNCTIONS OF HORMONES
Though present in minute quantities in circulating plasma, the 
various hormones exert profound effects on many body func-
tions. The role of individual hormones are discussed in subse-
quent chapters, but it is important to get a ‘bird’s eye view of 
the forest before counting the trees’. Hormone functions are 
necessarily complex, what with multiple versatile roles played 
by each hormone, and the complex interaction between dif-
ferent hormones to regulate a single physiological process. 
For example, testosterone not only regulates spermatogenesis 
and other gonadal functions, but also has an important role in 
regulation of linear growth, maintenance of muscle and bone 
mass, regulation of adipose tissue distribution and lipoprotein 
metabolism, besides exerting infl uence on cognitive and emo-
tional functions. Similarly, regulation of lipolysis presents an 
example of a single function controlled by multiple hormones. 
Insulin, glucagon, catecholamines, glucocorticoids, GIP and 
various other hormones infl uence ‘hormone sensitive’ lipase, 
and thus the rate at which free fatty acids are released from 
triglyceride stores. However, despite these complexities, it 
is possible to discern four major functions of the endocrine 
system, namely:
1. Maintenance of Growth and Development: A variety of 

hormones including Growth Hormone, thyroxine, insulin, 
glucocorticoids, and gonadal hormones play a primary or 
permissive role in the timing and progression of somatic 
growth and development.

2. Maintenance of Internal Environment: Hormones such as 
antidiuretic hormone and mineralocorticoids help regulate 
extracellular fluid volume and electrolyte composition, 
while parathyroid hormone secretion controls circulating 
calcium and phosphate ion concentration.

3. Regulation of energy balance: The endocrine system func-
tions in close co-ordination with the nervous system to 
regulate energy intake and expenditure, and maintain body 
weight. Hormones such as leptin and ghrelin provide affer-
ent input to hypothalamic nuclei about adequacy of energy 
stores and nutrient intake.

4. Reproduction and species propagation: Gonadal and pitui-
tary hormones interact to regulate structure and function 
of reproductive organs, gamete formation and patterns of 
sexual and parental behavior to subserve this important 
function.

MECHANISM OF ACTION OF HORMONES WITH 
INTRACELLULAR RECEPTORS

The hormone enters the target cell and binds to its receptor. The 
receptor may be in the cytoplasm or in the nucleus. But even if 
the receptor is in the cytoplasm, the hormone-receptor complex 
enters the nucleus. The hormone receptor complex affects the 
expression of a gene. The effect is mediated through that part 
of DNA which regulates the expression of the gene. The regu-
latory region of DNA has a part called the hormone response 
element (HRE). The hormone-receptor complex binds to the 
HRE. The binding infl uences the frequency with which tran-
scription of the gene takes place. The frequency of transcrip-
tion determines the amount of mRNA formed. The amount of 
mRNA formed determines the amount of protein, coded by the 
gene, that will be synthesized. If the protein is an enzyme, its 
amount will affect the rate of some chemical reactions in the 
cell. In this way the hormone may affect some important activi-
ties of the target cell (Fig. 9.1.4).

Table 9.1.2: Classifi cation of hormones

 I. Hormones having intracellular receptors
  1. Thyroid hormones
  2. Glucocorticoids
  3. Mineralocorticoids
  4. Sex hormones
 II. Hormones having cell membrane receptors
  a. Second messenger: cAMP
   1. Corticotropin releasing hormone (CRH)
   2. Adrenocorticotropic hormone (ACTH)
   3. Thyroid stimulating hormone (TSH)
   4. Follicle stimulating hormone (FSH)
   5. Luteinizing hormone (LH)
   6. Melanocyte stimulating hormone (MSH)
   7. Antidiuretic hormone (ADH)
   8. Calcitonin
   9. Parathyroid hormone (PTH)
   10. Catecholamines (most actions)
   11. Glucagon
   12. Human chorionic gonadotropin (hCG)
  b. Second messenger: cGMP
   1. Atrial natriuretic factor (ANF)
   2. Nitric oxide (NO)
  c. Second messenger: calcium or phosphatidylinositol    
   (or both)
   1. Thyrotropin releasing hormone (TRH)
   2. Gonadotropin releasing hormone (GnRH)
   3. Antidiuretic hormone (vasopressor action)
   4. Oxytocin
   5. Catecholamines (some actions)
   6. Cholecystokinin (CCK)
   7. Gastrin
  d. Second messenger: a kinase or phosphatase cascade
   1. Growth hormone (GH)
   2. Prolactin
   3. Insulin

Adapted from Granner DK. Hormone action. In Harper’s 
Biochemistry, 24th edition, 1996.
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MECHANISM OF ACTION OF HORMONES WITH 
CELL MEMBRANE RECEPTORS

Peptide and amino acid-derived hormones (except thy roid hor-
mones) have receptors located on the cell mem branes of target 
cells. The hormone-receptor comp lex stimulates an enzymatic 
reaction in the cell mem brane. As a result, a substance (called 
second messenger) is pro duced. The second messenger enters 
the cell and infl uen ces the function of the cell in a specifi c way 
(Fig. 9.1.5).
 The hormone (which may be considered the fi rst messen-
ger) does not enter the target cell. Instead, it sends another 
molecule to transmit the message: therefore the molecule 
which enters the cell is called the second messenger. The 
most common second messenger is cyclic AMP (cAMP). 
We shall study its generatiaon in the cell membrane in some 
detail.

Hormone-induced Activation of Adenylyl Cyclase
The hormone-receptor complex triggers the dissociation of the 
subunits of a membrane protein, called G protein (Fig. 9.1.6). G 
protein has three subunits: alpha, beta and gamma. Interaction 
with the hormone-receptor complex triggers the dissocia-
tion of the alpha subunit. The alpha subunit, along with the 
GTP bound to it, then goes and binds to the enzyme adeny-
lyl cyclase, which is also present in the membrane. The alpha 
subunit-GTP comp lex activates adenylyl cyclase, which in turn 
converts ATP into cAMP. While activation of adenylyl cyclase 

Fig. 9.1.4: Diagrammatic representation of the mechanisms of action of 
hormones with intracellular receptors (steroid and thyroid hormones). 
By affecting the frequency of transcription of a gene (+, stimulation;
–, inhibition), the hormone can eventually affect the rate of metabolic 
reactions in the cell.

Fig. 9.1.5: Diagrammatic representation of the mechanisms of action 
of hormones with cell membrane receptors (peptide and amino 
acid-derived hormones, except thyroid hormones). The hormone-
receptor complex stimulates an enzymatic system (E) which catalyzes 
the conversion of X to Y. As a result, the rate of formation of Y is 
increased, and larger amounts of Y enter the cytoplasm. Y (the 
second messenger) may affect metabolic reactions in the cytoplasm 
directly, or by infl uencing gene expression like the steroid hormones 
(see Fig. 9.1.4).

is going on, there is another parallel activity also in progress. 
The alpha subunit has GTPase activity. Due to this activity, 
GTP breaks down to GDP. The alpha subunit bound to GDP 
does not remain bound to the enzyme. It returns to join the beta 
and gamma subunits. Thus the activation of adenylyl cyclase is 
a brief reversible event.

Other Second Messengers
Some hormones with cell membrane receptors employ second 
messengers other than cAMP. One of these messengers is 
cGMP. Still other hormones either increase the membrane 
permeability to calcium ions, or release calcium ions from 
intracellular stores, or both. Calcium combines with the pro-
tein, calmodulin. The calcium-calmodulin complex can affect 
the activity of a large number of enzymes. Some other hor-
mones activate tyrosine kinase and subsequently a cascade of 
other kinases, fi nally affecting the process of gene expression. 
Although the details of action vary with different hormones, 
the general principles are well-illustrated by the mechanism of 
action of steroid hormones and of the hormones which employ 
cAMP as the second messenger.

MECHANISMS OF ENDOCRINE DISORDERS
Disorders involving the endocrine system are not only common 
and of great clinical signifi cance, but also serve to illustrate 
the physiological role of the underlying hormone. Endocrine 
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Fig. 9.1.6: The role of G-proteins in signal transduction. Diagrammatic 
representation of the sequence of events involved in the action of a 
hormone (H) which acts via a G-protein coupled receptor (R). A. The 
alpha subunit dissociates from the beta and gamma subunits and 
interacts with the effector enzyme (adenylyl cyclase). The enzyme 
is activated and catalyzes the formatioan of cAMP. B. The hormone 
dissociates from its receptor. GTP bound to the alpha subunit is 
reconverted into GDP. C. The alpha subunit once again associates 
with the beta and gamma subunits. Thus, the situation prevailing in 
(A) is restored. EC, extracellular; CM cell membrane; IC intracellular.

Receptors

Receptors have always been a fascinating concept in biol-
ogy. To start with, they were imaginary foci on the cell 
membrane. A mutual attraction based on complementary 
three-dimensional structure was thought to exist between 
a chemical (e.g. hormone, neurotransmitter or drug) and its 
receptor. Combination of the chemical (called ligand) with 
its receptor was believed to be essential to elicit a biological 
response. The concept received support from the effects of 
molecules with similar chemical structure, some of which 
displayed similar biological effects while others acted as 
antagonists. But the concept remained hypothetical because 
nobody had seen a receptor. De Jongh compared a receptor 
to a lady whose mental image we have constructed on the 
basis of our correspondence with her but who has eluded 
our efforts to see her. Today we know the detailed molecu-
lar structure of receptors, and the three-dimensional con-
fi guration of many receptor proteins has been examined by 
electron microscopy or X-ray crystallography. But intimate 
knowledge of receptors, unlike intimate knowledge of ladies, 
has increased their fascination. Receptors are no longer 
considered static fi xtures on the cell membrane. They are 
mobile and dynamic components of the cell membrane or 
the interior of the cell. Like other proteins of the cell, their 
quantity is determined by the balance of synthesis and deg-
radation, both of which are subject to regulation. Further, 
their affi nity for specifi c ligands is also subject to regulatory 
mechanisms.

The Second Messenger

The second messenger hypothesis of Sutherland and 
Robinson proposed in the sixties was an important land-
mark in our understanding of hormone action. Briefl y, they 
proposed that catecholamines, glucagon, vasopressin and 
ACTH combine with their respective receptors on the cell 
membrane of target cells. The hormone-receptor triggers 
the activation of adenylate cyclase, which in turn leads to 
enhanced formation of 3’, 5’ - cyclic AMP (cAMP) in the 
cell. cAMP was thought to be responsible for the biologi-
cal effects of the hormone. Thus the hormone (the fi rst 
messenger) produced its effect through cAMP (the second 
messenger). The mechanism resulted in communication of 
a message delivered at the cell surface to the interior of the 
cell.
 The basic second messenger concept has been vali-
dated by all the subsequent work. It has now been found 
to apply to a much larger number of hormones and the 
second messengers involved have also increased in variety. 
The hormones now include almost all protein and peptide 
hormones, but not thyroxine. The second messenger could 
be, besides cAMP, calcium ions, inositol triphosphate, or 

diacylglycerol (DAG). What is most fascinating, however, 
is that enormous amount of details have been worked out 
regarding the intermediate steps between hormone-recep-
tor combination and intracellular generation of the second 
messenger. The intermediate steps also involve cell mem-
brane components. For conceptual purposes, we may visual-
ize three membrane components involved sequentially: The 
receptor subunit (R), the regulatory subunit (N), and the 
catalytic subunit (C). The fi rst step is the attachment of the 
hormone (H) to R. Formation of the HR complex leads to 
formation of GTP and its binding to N. N belongs to a family 
of proteins known as G-proteins. A GTP-bound G-protein 
activates C. Activation of C leads to the generation of the 
second messenger. If instead of GTP, GDP is bound to N, 
C is inactivated. Thus factors which alter GDP-GTP balance 
can also regulate hormone action.
 Generation of the second messenger leads to a cascade 
of reactions ultimately leading to the biological effect of the 
hormone. The cascade leads to amplifi catioan of response as 
well as multiplies the potential levels at which the action of 
the hormone may be regulated.
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diseases could result from either defective hormone production 
or defective hormone action due to problems with the recep-
tor. Diseases of the endocrine glands lead to either excess or 
decreased hormone production which are associated with dis-
tinct clinical syndromes as discussed later. Hyper and hypothy-
roidism due to thyroid gland dysfunction, Cushing’s and 
Addison’s disease due to adrenal gland dysfunction are some 
common examples of diseases due to excess or decreased pro-
duction of hormones. Dysfunctional receptors lead to hormone 

resistance, and could result from either reduced number of 
hormones or a defect in second messenger system involved 
in signal transduction. For example, mutations leading to 
decreased or absent Vitamin D receptor leads to an uncommon 
form of rickets (called Vitamin D resistant rickets), while a 
post-receptor binding defect is thought to cause insulin resist-
ance and type 2 diabetes. In these disease states, defective hor-
monal function is evident despite seemingly adequate levels of 
circulating hormone concentrations.
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9.2
Hypothalamic and 

Pituitary Hormones

Hypothalamus is a part of the brain whereas pituitary is an 
endocrine gland. Together they form the core of the neuroen-
docrine system which controls many physiological processes 
leading to homeostasis. One of the functions of the hypothala-
mus is to produce hormones which are closely related to pitui-
tary function. Pituitary has two main lobes: anterior, or ade-
nohypophysis and posterior, or neurohypophysis.. Both lobes 
are critically dependent on the hypothalamus for their normal 
functioning, albeit in different manners.

HYPOTHALAMIC CONTROL OF ANTERIOR 
PITUITARY

Most of the anterior pituitary hormones are controlled by 
hypothalamic hormones. The hypothalamic hormones control 
the release, and in some cases also the production, of the ante-
rior pituitary hormones. The hypothalamic hormones are called 
releasing hormones.

Transport of Releasing Hormones to
the Anterior Pituitary
The releasing hormones are transported to the anterior pituitary 
in the bloodstream1. They diffuse into the hypo thalamic capil-
laries, which join to form the hypo thalamo-hypophyseal portal 
venous system. The portal veins carry the releasing hormones 
towards the anterior pituitary. In the anterior pituitary they 
break into another set of capillaries.2 The releasing hormones 
diffuse out of these capillaries into the anterior pituitary and 
infl uence the release of its hormones (Fig. 9.2.1).

Action of Releasing Hormones
Most of the releasing hormones increase the release of a spe-
cifi c hormone of the anterior pituitary. The anterior pituitary 
hormone, in turn, stimulates a target endocrine gland to increase 
the release or production of its hor mones. The action may be 
illustrated by the hypothalamo-hypophyseal-adrenal axis. The 
hypothala mus produces the corticotropin releasing hormone 
(CRH). CRH stimu lates the anterior pituitary to release adreno-

cortico tropic hormone (ACTH). ACTH stimulates the adrenal 
cortex to release glucocorticoids.
 The action of all established releasing hormones is given 
along these lines in Table 9.2.1

Regulatory Role of Hypothalamic and
Anterior Pituitary Hormones
Why is the chain of hypothalamus-pituitary-target gland neces-
sary? The chain helps in regulating the level of the hormone 
of the target gland by a feedback mechanism. An increase in 
the level of the target hormone inhibits the secretion of the 
corresponding pituitary or hypo thala mic hormone, or both. 
Similarly, the anterior pitui tary hormone inhibits the release 
of the hypo thalamic hor mone. In this way the level of the 
target hormone is brought down. If it falls below normal, the 
same mecha nism works in the opposite direction to bring up 
the level of the hormone. This is a classical negative feedback 
mechanism (Fig. 9.2.2).

ANTERIOR PITUITARY HORMONES
Anterior pituitary secretes a large number of polypeptide hor-
mones, of which growth hormone and prolactin have inde-
pendent actions while others stimulate specifi c target glands. 
Nearly half the cells in the anterior pituitary secrete GH and are 
called somatotrophs, about 20% of them secrete ACTH (corti-
cotrophs), 15% secrete GnRH (gonadotrophs), 10% prolactin 
(lactotrophs) and 5% TSH (thyrotrophs).

Growth Hormone
As its name indicates, growth hormone (GH), is essential for 
normal growth. The growth is mediated by another peptide, 
insulin-like growth factor-1 (IGF-1), synthesized in the liver. 
IGF-1 has a direct stimulating effect on bone and cartilage, 
where it increases protein synthesis, and induces positive bal-
ance of calcium, magnesium and phosphate. All these actions 
promote growth.
 GH itself has direct effect on carbohydrate and lipid metab-
olism. GH decreases the peripheral utilization of glucose and 

1 That is why they are called hormones.
2 Portal venous system is, by defi nition, the venous system interposed between two sets of capillaries.
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Fig.9.2.1: Vascular arrangement linking the hypothalamus and anterior pituitary.

Table 9.2.1: Action of hypothalamic hormones

Hypothalamic hormones Target pituitary hormone Target of pituitary hormone

1. Corticotropin releasing hormone (CRH) Adrenocortico-tropic hormone (ACTH) Adrenal cortex
2. Thyrotropin releasing hormone (TRH) Thyroid stimulating hormone (TSH) Thyroid
3. Gonadotropin releasing hormone (GnRH) Follicle stimulating hormone (FSH)
  Luteinizing hormone (LH) Gonads
4. Growth hormone releasing hormone (GHRH) Growth hormone (GH) Generalized
5. Somatostain* GH Generalized
6. Prolactin release inhibitory hormone (PRIH)* Prolactin Not strictly localized

*Inhibits the release of the pituitary hormone

increases gluconeogenesis in the liver. Both these effects are 
opposite to the actions of insulin, and increase the blood glu-
cose level. GH mobilizes free fatty acids (FFA) and glycerol 
from the adipose tissue. As a result of this, blood FFA level 
rises and there is increased oxidation of FFA as fuel. By thus 
promoting the utilization of fat as a source of energy, it spares 
amino acids for protein synthesis.
 GH is secreted in a pulsatile fashion throughout life, with 
elevated rates of secretion immediately after birth and at 
puberty. Interestingly, large bursts of secretion are noted to 
occur at night during the onset of deep sleep (remember your 
grandmother saying children grow during sleep !). GH release 
is stimulated by the hypothalamic hormone GHRH and by a 
gastric hormone called ghrelin, while it is inhibited by somato-
statin. Further, hypoglycemia and certain amino acids such as 
arginine also provoke GH release, and are often used as stimu-
latory agents to help establish the diagnosis of GH defi ciency 
in suspected individuals.

 GH defi ciency is serious in infancy because it leads to poor 
growth. GH defi ciency in early life is a signifi cant cause of 
dwarfi sm (small height).
 GH excess in early life leads to gigantism (tall height). 
GH excess in an adult does not increase the height further. But 
it leads to a protrusion of the jaws and enlargement of nose, 
hands, feet, skull and viscera (acromegaly). Recently, there has 
been a lot of interest in studying the effects of GH defi ciency in 
adults with various forms of pituitary disease. Lack of GH has 
been shown to cause abnormal metabolic functions including 
fat accumulation due to decreased fatty acid oxidation.

Prolactin
Prolactin (PRL) is structurally similar to GH and can exert 
similar effects also. But, as its name indicates, PRL is phy-
siologically involved in lactation. In a breast which has been 
exposed to the action of female hormones (i.e. primed), PRL 
induces and maintains lactation by stimulating synthesis of 
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milk. Prolactin release by the anterior pituitary is tonically 
suppressed by the neurotransmitter dopamine and some other 
PRL-inhibiting factors.
 PRL has no known function in males. But its excess in men 
may lead to gynecomastia and impotence. High prolactin levels 
suppress release of LH and FSH, thus leading to impaired 
gonadal function.

Follicle Stimulating Hormone
The name, follicle stimulating hormone (FSH), is based on the 
action of the hormone in females. But the hormone has a role 
also in males.
 In females, FSH stimulates the follicular cells in the ovary. 
Thus it promotes the development of ovarian follicle and sub-
sequent secretion of estrogen.
 In males, FSH stimulates the Sertoli cells of the testis and 
thereby promotes spermatogenesis.

Luteinizing Hormone
The name, luteinizing hormone (LH), is also based on the 
action of the hormone in females. But the hormone has a role 
also in males.
 In females, LH stimulates the development of corpus 
luteum and the secretion of progesterone by it.
 In males, LH stimulates the Leydig cells (interstitial cells) 
to secrete testosterone. That is why LH is also called interstitial 
cell stimulating hormone (ICSH).

Thyroid Stimulating Hormone
As the name indicates, thyroid stimulating hormone (TSH) 
stimulates the thyroid gland. The stimulation is both short-term 

and long-term. The short-term effect of TSH is to stimulate the 
synthesis of thyroid hormones. The long-term effect of TSH is 
to stimulate the growth of the thyroid gland.

Adrenocorticotropic Hormone
Adrenocorticotropic hormone (ACTH) is also called cortico-
tropin. As its name indicates, ACTH stimulates the adrenal 
cortex. Short-term ACTH stimulation increases the synthesis 
and release of glucocorticoids from the adrenal cortex. The 
effect on secretion of mineralo corticoids and adrenal andro-
gens is minimal. Long-term stimulation by ACTH increases 
the size of the adrenal cortex.

Melanocyte Stimulating Hormone
Melanocyte stimulating hormone (MSH) activity is signifi cant 
only in animals having a well-developed intermediate lobe of 
the pituitary. In human beings, MSH is essentially absent after 
birth. MSH disperses the melanin granules in melanocytes of 
the epidermis. That leads to darkening of the skin.

POSTERIOR PITUITARY HORMONES
The so-called posterior pituitary hormones are actually syn-
thesized in the hypothalamus. They are transported to the 
posterior pituitary in the axons of the neurons which synthe-
size them. They are released by the posterior pituitary into the 
bloodstream, as and when required, under the infl uence of an 
appropriate stimulus.

Antidiuretic Hormone
Antidiuretic hormone (ADH), as the name suggests, reduces 
the rate of urine formation. ADH is synthesized predominantly 
in the supraoptic nucleus of the hypo thalamus.
 The most important stimulus for the secretion of ADH is an 
increase in the osmolarity of plasma. The increase in osmolar-
ity is sensed by osmoreceptors located in the hypothalamus. 
The response to stimulation of the osmoreceptors is an increase 
in the synthesis and release of ADH.
 ADH acts on the distal convoluted tubules and collect-
ing ducts of the kidney. In these parts of the nephron, ADH 
increases the permeability of the lining epithelium to water by 
promoting the insertion of water channels called ‘aquaporin’ 
into the luminal membrane of the lining epithelium. As a 
result, more water is reabsorbed from the nephron. Hence the 
urine formed is concen trated, and small in volume. Therefore 
the rate of urine formation is decreased. Since more water is 
retained in the body, the osmolarity of body fl uids falls. Thus 
the disturbance which had initiated ADH secretion tends to get 
corrected. Hence ADH plays an important role in regulation of 
water balance.
 A disease affecting the hypothalamo-hypophyseal tract 
may reduce ADH secretion. That leads to an abnormal increase 
in the rate of urine formation. The disease is called diabetes 
insipidus. A patient of diabetes insipidus has polyuria (high uri-
nary fl ow) but does not have glucose in the urine. A patient 
of diabetes mellitus (which is due to insulin defi ciency) has 
polyuria, and the urine has glucose. Similarly, certain diseases 
of the central nervous system, and other conditions, can cause 

Fig. 9.2.2: General scheme of regulatioan of hormone secretion by 
the hypothalamo-hypophyseal axis.
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excessive release of ADH which leads to increased reabsorb-
tion of water and hyponatremia.
 ADH is also called vasopressin. This name refers to the 
capacity of the hormone to bring about vasocons triction and 
thereby raise the arterial blood pressure. But the vasoconstric-
tor effect is seen only with pharmacolo gical doses of ADH, not 
at physiological concentrations.

Oxytocin
Oxytocin is synthesized predominantly in the paraventri cular 
nucleus of the hypothalamus. Oxytocin has two important 
actions, one which may contribute to parturition (delivery of 
the baby), and another which is required after parturition.
i. Oxytocin brings about contraction of the uterus. First, dis-

tension of the uterus and vagina stimulates secretion of oxy-
tocin. Secondly, the uterus is more sensitive to the action 

of oxytocin at full term than at other times. The combined 
result of these two factors is that during partutition, oxy-
tocin brings about uterine contraction, which in turn aids 
deli very. However, experimental animals whose capa city 
to secrete oxytocin has been impaired by a lesion of the 
hypothalamo-hypophyseal tract deliver quite normally. 
This observation suggests that oxytocin may not be abso-
lutely essential for normal delivery.

ii. Oxytocin brings about contraction of myoepithelial cells of 
the mammary gland ducts. This action leads to ejection of 
milk from the breasts. First, the sensitivity of the myoepi-
thelial cells of the breast to oxytocin is also increased near 
parturition. Secondly, stimulation of nipples by the suckling 
baby leads to a refl ex release of oxytocin. Both these factors 
ensure the milk ejection refl ex at the right time. Oxytocin is 
essential for the normal milk ejection refl ex.
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9.3
Thyroid Gland

Thyroid gland is situated in the neck, anterior to the trachea. 
It consists of two lobes joined by an isthmus (Fig. 9.3.1). A 
section of the thyroid shows, under the microscope, clusters of 
follicles lined by epithelium. The follicles are fi lled with ‘col-
loid’, the secretions of the epithelial cells. An active thyroid 
has cuboidal or columnar epithelial cells, but very little colloid 
in the follicles because the secretions are released promptly 
into the bloodstream. On the other hand, an inactive (‘resting’ 
or ‘lazy’) thyroid has follicles lined with fl at squamous epithe-
lial cells and full of colloid because whatever secretions are 
there are stored rather than released. Thus, paradoxical though 
it may seem, a thyroid having follicles full of colloid is actually 
inactive (Fig. 9.3.2).
 Scattered in the connective tissue between the follicles are 
cells called parafollicular cells. Parafollicular cells contain 
numerous secretory granules.

HORMONES OF THE THYROID GLAND
The epithelium of thyroid follicles produces two hor mones: 
triiodothyronine (T3) and tetraiodothyronine (T4). The parafol-
licular cells secrete the hormone calcitonin. Because of their 
functional relationship, calcitonin will be discussed later with 
parathyroid hormone. Here we shall discuss only T3 and T4.

Synthesis of Thyroid Hormones
Synthesis of thyroid hormones T3 and T4 requires iodination of 
the amino acid, tyrosine. The reaction occurs while tyrosine is 
still part of a protein molecule: the protein called thyroglobulin. 
Thyroglobulin is a tyrosine-rich protein. Each thyroglobulin 
molecule has 5000 amino acid residues, out of which 115 are 
those of tyrosine. Thyroglobulin is synthesized in the follicular 
epithelium of the thyroid. Besides thyroglobulin, the second 
requirement for synthesis of thyroid hormones is iodine.
 Circulating iodide is captured by the follicular epithe-
lium. Iodide uptake is an energy-dependent process, utilizing 
a sodium/potassium ATPase, and is performed by a special 
sodium-iodide symporter located on the basolateral membrane 
of the follicular epithelium. The trapped iodine and the thy-
roglobulin are both transported to the apical surface of the cell 
(i.e. the surface facing the follicular lumen). The enzymes for 

Fig. 9.3.1: The thyroid gland.

synthesis of hormones are located on the apical surface of the 
cell. The steps involved in synthesis are:
a. Oxidation of iodide to iodine,
b. Iodination of tyrosyl residues in thyroglobulin to form 

monoiodotyrosine (MIT) and diiodotyrosine (DIT), and
c. Coupling of some of the iodinated residues to form T3 and 

T4 (Fig. 9.3.3).
 T3 and T4 are still a part of the thyroglobulin molecule. 
They are transported in this form to the lumen of the follicle 
for storage. Histologically, this stored hormone appears as col-
loid. Unlike most other endocrine glands which do not store 
appreciable amounts of hormone, the thyroid gland contains 
several weeks’ supply of thyroid hormone in the thyroglobulin 
pool.
 When T3 and T4 are required for circulation, the stored hor-
mone, ‘attached’ to thyroglobulin, is transported back into the 
follicular cell. The transport is accomplished by phagocytosis. 
The phagocytosed thyroglobulin-contain ing vacuole fuses with 
lysosomes. Lysosomes contain enzymes for hydrolysis of thy-
roglobulin. Besides a large variety of amino acids, the hydrol-
ysis releases T3 and T4, which are secreted into extracellular 
space. They diffuse from the extracellular space into capillar-
ies, and thus enter the general circulation (Fig. 9.3.3).
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Transport of Thyroid Hormones
On entering the bloodstream, most of the T3 and T4 get bound 
to a plasma protein called thyroxine binding globulin (TBG)1. 
The small amount that is free is the one which is responsible 
for activity of the hormones. Most of the free T4 is converted 
by tissues into T3. Further, T3 has ten times as much affi nity for 
thyroid hormone receptors as T4. Therefore T3 is considered 
the principal thyroid hormone which fi nally mediates the meta-
bolic effects.

FUNCTIONS OF THYROID HORMONES
Thyroid hormones have two general effects: stimulation of 
gene transcription and stimulation of metabolism. These two 
effects may be interrelated, and can explain most of the other 
effects.

Calorigenic Effect
Thyroid hormones enhance oxygen consumption, and hence 
the basal metabolic rate (BMR). This may be at least partly 
due to increase in the activity of membrane Na/K ATPase. 
Thyroid hormones also increase the number and activity of 
mitochondria, which may be the cause or the effect of increase 
in oxygen consumption. At very high concentrations, thy-
roid hormones uncouple oxidation and phosphorylation in 
mitochondria.
 By increasing the metabolic rate, thyroid hormones raise 
the body temperature, lead to loss of body weight, and increase 
urinary nitrogen loss.

Growth and Development
Thyroid hormones are essential for normal growth and devel-
opment. The classical example to illustrate this func tion is that 
of tadpoles, which do not change into frogs unless thyroid 
hormones are available. In human beings also, thyroid hor-
mone defi ciency impairs growth and development. The effect 
is partly because thyroid hormones potentiate the effect of 
growth hormone.

Effects on Substrate Metabolism
Thyroid hormones increase the rate of absorption from the gas-
trointestinal tract. They also stimulate glycolysis, gluconeogen-
esis as well as insulin secretion. They mobilize fats from adi-
pose tissue, leading to an increase in the plasma concentration 

Fig. 9.3.2: A. Histological structure of a moderately active thyroid 
gland. Note that the follicular cells are cuboidal. B. Follicle of an 
inactive thyroid gland. The cells are fl at because they are inactive. 
The follicle is large ebcause it contains a large amount of stored 
colloid. C. Follicle of an active thyroid gland. The cells are tall and 
columnar because they are active. The follicle is small because the 
thyroid is secreting the hormones rather than storing them as colloid.

Fig. 9.3.3: Synthesis and release of thyroid hormones. Iodide is 
trapped by the follicular cells by means of an iodide pump. The 
follicular cells also synthesize a protein called thyroglobulin (TGB). 
Oxidized iodide (i.e. iodine) iodinates the tyrosine residues in 
TGB to form monoiodotyrosine (MIT) and diiodotyrosine (DIT). 
Appropriate coupling of MIT and DIT produces triiodothyronine 
(T3) or tetraiodothyronine (T4). Iodination and coupling reactions 
take place in the extracellular environment, but not necessarily in 
the lumen of the follicle. T3 and T4 may be stored in the colloid in 
association with TGB. Alternatively, the complex may be internalized 
and hydrolysed by lysosomes. In that case, T3 and T4 are released 
into the extracellular fl uid (ECF) and thence into the bloodstream. 
AA, amino acids.

1 Binding prevents renal excretion of the hormones. T3 and T4 are small molecules which can be easily fi ltered and excreted by the kidneys. But TBG, 
like other plasma proteins, does not get fi ltered by the kidneys.
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of free fatty acids. All these effects help in making available 
substrates for the enhanced metabolic rate.

Systemic Effects
a. Nervous system Thyroid hormones are essential for normal 

formation of synapses and myelination in the developing 
brain. That is why if hypothyroidism occurs during intrau-
terine life, the child is mentally retarded. In later life also, 
thyroid hormones improve mental alertness.

b. Cardiovascular system Thyroid hormones increase the 
heart rate, and cardiac output, and consequently also the 
systolic blood pressure. But the diastolic pressure may fall 
due to vasodilation in several vascular beds induced by the 
increased metabolism. The cardio vas cular effects of thyroid 
hormones are partly mediated by their increasing the sensi-
tivity of tissues to catecholamines.

c. Respiratory system Thyroid hormones increase the rate and 
depth of respiration.

d. Gastrointestinal system. Thyroid hormones increase gas-
trointestinal secretion and motility, and as men tioned above, 
also increase the rate of absorption.

Mechanism of Action of Thyroid Hormones
Thyroid hormones have intracellular receptors. The receptors 
are located in the nucleus. The hormone-receptor interaction 
leads to increased transcription, and thereby an increase in pro-
tein synthesis. In the anterior pituitary, T3 enhances transcrip-
tion of the GH gene. That explains the positive effect of thyroid 
hormones on growth. In the same way, T3 possibly infl uences 
regulation of specific genes in several other tissues which 
would explain its other effects such as brain development.

Regulation of Thyroid Secretion
Thyroid secretion is regulated by a classical negative feed-
back mechanism. An increase in thyroid hormone level sup-
presses TSH and TRH secretion. On the other hand, a decrease 
in thyroid hormone level stimulates TSH and TRH secretion 
(Fig. 9.2.2). Thus the level is maintained within normal limits.

Disorders of the Thyroid Gland

Hypothyroidism

As the name indicates, hypothyroidism means a decrease in 
thyroid activity. Its predominant cause is iodine defi ciency. 

Iodine defi ciency may occur while the fetus is growing in the 
mother’s womb. Such a child is born a cretin. A cretin is men-
tally retarded, grows slowly, is constipated and has a hoarse 
cry. Since the brain continues to grow for only a few years after 
birth, treatment of cretinism should be started as soon as pos-
sible to minimize the degree of mental retardation.
 If hypothyroidism occurs in an adult, it gives rise to 
myxedema. In myxedema, the person has a puffy face, con-
stipation, sleepiness, slow heart rate and slow reactions. 
He also feels colder than normal persons due to a reduc-
tion in basal metabolic rate (BMR). He may also have obes-
ity, anemia, hypercholesterolemia and a swelling in the neck 
(goitre).

Hyperthyroidism
Hyperthyroidism means an increase in thyroid activity. 
Hyperthyroidism leads to an increase in BMR, and hence 
an increased tolerance to cold, excessive sweating, and 
loss of weight. Other features are an increase in heart rate, 
insomnia, tremors, nervousness and hyperirritabi lity. In 
one form of hyperthyroidism (Graves’ disease), eyes are 
very prominent because the eyeballs are pushed outwards 
(exophthalmos).

Goitre
Goitre is a swelling in the neck due to enlargement of the 
thyroid gland. In case of iodine defi ciency, the production of 
thyroid hormones is decreased. That stimulates the anterior 
pituitary to produce more TSH. TSH stimulates the thyroid 
gland, leading to its enlargement. The enlarged thyroid may 
be able to trap enough iodine from even a defi cient supply to 
achieve normal thyroid hormone production. Or, the thyroid 
hormone production may improve but still be defi cient in spite 
of enlargement of the thyroid gland. In either case, the goitre 
will reduce in size if the dietary iodine intake is increased. This 
may be achieved by taking iodized salt. Since very large areas 
of India are defi cient in iodine, iodization of all salt sold in the 
market has been adopted as a target, which is likely to be met 
in the very near future.
 In some cases an enlarged thyroid gland (goitre) produces 
more hormones than a normal thyroid gland. In that case, the 
patient has hyperthyroidism.
 Thus a goitre may be associated with normal thyroid func-
tion (euthyroidism), hypothyroidism or hyper thyroidism.
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9.4
Parathyroids and 

Adrenals

PARATHYROID GLANDS

Parathyroids are four small glands situated behind the thyroid 
gland, one each at the upper and lower poles of the two lobes 
(right and left) of the thyroid.
 Parathyroid hormone (PTH) is a polypeptide hormone. 
PTH is the principal regulator of calcium metabolism in the 
body. PTH has three main actions:
1. PTH brings about dissolution of bone and thereby mobi-

lizes calcium from bones. Thus PTH raises plasma calcium 
level.

2. PTH reduces renal calcium excretion. This action of PTH 
also raises plasma calcium level.

3. PTH stimulates the conversion of 25-hydroxychole-
calciferol (25-OH-D3) into 1, 25 (OH)2-D3 by the kidney. 
1, 25 (OH)2-D3 is the biologically active form of vitamin 
D. 1, 25 (OH)2-D3 stimulates the synthesis of calcium bind-
ing protein (CBP) by the intestine. CBP increases calcium 
absorption by the intestine. Through this action, PTH indi-
rectly increases the calcium content of the body.

 Thus all the three actions of PTH improve calcium avail-
ability. The action on the bone is an emergency measure to 
prevent plasma calcium level from falling below the normal 
level. But this is achieved at the expense of bone demineraliza-
tion, which weakens the bone. The action on the kidney tries 
to save calcium by reducing its urinary loss. But this action 
can have only a limited impact on calcium balance. The third 
action improves calcium supply of the body. That is the best 
way to maintain plasma calcium while keeping the bones also 
well- provided with calcium. But being a long-term measure, it 
needs more time to be effective and also needs adequate supply 
of calcium and vitamin D in the diet.

Regulation of Parathyroid Hormone Secretion
PTH secretion is regulated mainly by the plasma calcium level. 
Plasma calcium level is sensed by appropriate receptors in par-
athyroid cells. Parathyroid cells respond to this information 
by altering the rate of PTH secretion. As you might expect, 
low plasma calcium level leads to increased PTH secretion. 
Conversely, high plasma calcium level leads to a decrease in 
PTH secretion.

OTHER HORMONES AFFECTING CALCIUM 
METABOLISM

The body of an adult contains about 1 kg of calcium, 99% of 
which is in bone. While calcium is important for the strength 
of bones, the small amount of calcium in circulation is also 
important. The normal plasma calcium level is about 5 mmol/L 
(20 mg/dL), of which nearly half is bound to proteins and the 
other half is ionized. The ionized calcium level needs to be 
maintained constant for normal neuromuscular excitability. 
A decrease in ionized calcium level makes nerve and muscle 
cells hyperexcitable and may lead to tetanic convulsions. An 
increase in ionic calcium level may lead to coma and death due 
to paralysis of respiratory muscles.
 Besides neuromuscular excitability, calcium ions regulate 
several other functions. The functions regulated by calcium 
ions have been enumerated below:
1. Maintenance of neuromuscular excitability.
2. Participation in coagulation of blood.
3. Regulation of the activity of several enzymes, e.g. myosin 

ATPase.
4. Release of neurotransmitters, hormones and several other 

secretory products.
5. Mineralization of the skeleton.
 That is the reason why it is so important to maintain plasma 
calcium at a normal level. This is achieved mainly by PTH. 
Other hormones which regulate plasma calcium level are calci-
triol and calcitonin.

Calcitriol
Calcitriol is the name now given to 1, 25-dihydroxy-
cholecalciferol, abbreviated as 1, 25 (OH)2-D3, to indicate that 
it is a dihydroxylation product of vitamin D3. Vitamin D3 may 
be synthesized from its precursor in the skin under the effect 
of sunlight, or may be taken in the diet. D3 is hydroxylated at 
position 25 in the liver and then at position 1 in the kidney. The 
fi nal product 1, 25 (OH)2-D3, has been synthesized in the body, 
and is released into the circulation. It travels in the bloodstream 
to its target organ (intestine) where it acts like a steroid hor-
mone to stimulate the synthesis of calcium binding protein 
(CBP). Thus 1, 25 (OH)2-D3 (calcitriol) has all the character-
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istics of a hormone. The ‘secretion’ of calcitriol is regulated by 
PTH as discussed earlier.

Calcitonin
Calcitonin, a polypeptide hormone, is secreted by para folli-
cular cells of the thyroid gland. Its actions are somewhat oppo-
site those of PTH. Calcitonin reduces bone resorption and 
promotes deposition of calcium in bones. Hence it reduces the 
plasma calcium level. The signifi cance of calcitonin in adults is 
uncertain. But in children it may have a role in the remodeling 
of bones. Calcitonin secretion is regulated by the plasma cal-
cium level. A high calcium level stimulates calcitonin secretion 
while a low calcium level inhibits it.

PHYSIOLOGY OF BONE REMODELLING
Despite no linear growth after puberty, bone continues to be 
a very dynamic tissue that is constantly changing throughout 
life. Beneath its strong, steady, seemingly immovable exterior, 
the adult skeleton is actually extremely busy remodeling itself 
to repair damaged areas, strengthen sites of stress or injury, and 
remove unnecessary bone from sparsely used skeletal sites. It 
is estimated that the entire skeleton is demolished and refabri-
cated by this process within 10 years. Two type of bone cells, 
the osteoclasts which are derived from the monocyte/macro-
phage lineage, and the osteoblasts which are derived from the 
mesenchymal precursors are involved in the process of bone 
resorption and bone formation respectively. They work in con-
cert, and are together referred to as the ‘basic multicellular unit’ 
(BMU) which is the cellular organelle responsible for bone 
remodeling. The osteoclasts fi rst bind to old or damaged bone, 
and help to remove (or resorb) them by producing proteolytic 
enzymes. They undergo apoptosis in about 2 weeks, and the 
osteoblasts now follow in their track and lay new bone at the 
same site. As new bone is deposited around the cells, some of 
them undergo apoptosis, while others mature into osteocytes. 
The osteocytes act as mechanosensors to direct this process of 
bone remodeling in response to mechanical strain by recruiting 
more BMUs. When the system senses ‘high strain’, net bone 
formation ensues to reduce the strain to a given set point, while 
sensation of inadequate strain leads to net bone resorbtion. It 
is therefore not surprising that the bone density is about 5% 
higher in the dominant arm compared to the non-dominant, and 
marked bone loss is seen in astronauts during space fl ight or in 
patients confi ned to prolonged bed rest. This is also the reason 
why regular physical exercise is recommended to maintain 
bone strength.
 This process of bone remodeling is infl uenced by both 
local factors and by several endocrine factors. Besides hor-
mones affecting calcium metabolism as discussed before, other 
hormones such as gonadal and adrenal steroids, and growth 
hormone (GH) also affect bone mass. Inadequate amounts of 
gonadal steroids, both estrogen and testosterone, leads to net 
bone loss as seen in post menopausal women. It is believed 
that estrogen defi ciency desensitizes the mechanosensors in 
the bone thus altering the set point. Glucocorticoids suppress 
osteoblasts, and the unopposed action of osteoclasts leads to 
net bone loss. On the other hand, GH causes a net bone gain 
though it increases both bone resorbtion and formation.

ADRENAL CORTEX

Adrenals are a pair of glands situated, as the name indicates, 
next to the kidneys. In fact, they are placed on top of each 
kidney. Each adrenal consists of an outer layer called the 
cortex, and an inner core called the medulla. Functionally, the 
cortex and medulla are two separate glands.
 A section of the adrenal cortex shows three layers under 
the microscope: zona glomerulosa, zona fasciculata and zona 
reticularis. The three zones secrete, respectively, three different 
classes of steroid hormones, viz. mineralo corticoids, glucocor-
ticoids and androgens, with some overlap between the func-
tions of the layers. Zona glomerulosa secretes mineralocorti-
coids, while both zona fasciculata and zona reticularis secrete 
both gluco corticoids and androgens.

Mechanism of Action
Steroid hormones have intracellular receptors. The hormone-
receptor binding may take place either in the cyto plasm or in 
the nucleus. The hormone-receptor complex affects the expres-
sion of a specifi c gene in the nucleus. Alteratiaon in the rate 
of synthesis of the protein expressed by the gene mediates the 
biological actions of the hormone.

Glucocorticoids
The main glucocorticoid secreted by the human adrenal cortex 
is cortisol.

Actions of Cortisol
It is well known that cortisol is essential for life, but we do 
not fully understand why. It has important effects on multiple 
organ systems, but most of them are permissive, in that cortisol 
does not directly initiate these metabolic or circulatory proc-
esses, but is essential to permit their full expression. Its pri-
mary role is to help the body cope with acute or chronic stress, 
to execute the ‘fi ght-or-fl ight’ response, and the specifi c effects 
on intermediary metabolism or other systemscan be understood 
in this light.. The actions have been enumerated below.
1. Carbohydrate metabolism Glucocorticoids stimulate pro-

duction of glucose from amino acids (gluconeo genesis) and 
glycogen synthesis in the liver. They reduce the peripheral 
utilization of glucose in most tissues except brain and heart. 
When cortisol is present, glucagon and adrenaline are more 
effective in produc ing glycogenolysis in muscle. The com-
bined result of these actions is an increase in the level of 
blood glucose. The improved glucose supply to the brain 
and heart is useful in stress.

2. Protein metabolism At physiological levels, cortisol pro-
motes protein synthesis. High levels of cortisol, seen in 
states of stress, promote protein breakdown everywhere in 
the body except in the liver. The amino acids mobilized by 
protein breakdown are converted into glucose in the liver 
and utilized to meet the require ments of stress.

3. Fat metabolism Cortisol promotes lipolysis directly, and 
also indirectly by facilitating the action of adrenaline and 
growth hormone. The free fatty acids mobilized by lipolysis 
are also useful as fuel in states of stress.

4. Cardiovascular effects Cortsiol is needed to maintain nor-
mal vascular integrity and responsiveness. In its absence, 
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abnormal vasodilation occurs leading to decrease in effec-
tive circulating volume and hypotension despite no external 
loss of fl uid. It is also essential for preservation of plasma 
volume as glomerular fi ltration and free water excretion by 
the kidneys are impaired in cortisol defi ciency. Further, glu-
cocorticoids increase contractility of the heart, and thereby 
increase cardiac output and blood pressure. These are useful 
actions in states of stress.

5. Muscle contraction Glucocorticoids increase the force 
of skeletal muscle contraction. This action is also useful in 
stress.

6. Role in stress Both physical and mental stress stimulate 
release of ACTH and consequently increased secretion of 
glucocorticoids. Glucocorticoids help the body in coping up 
with stress through the actions discussed above.

7. Anti-infl ammatory effect In pharmacological doses, glu-
cocorticoids suppress infl ammation. Used with adequate 
precautions, the anti-infl ammatory effect of glucocorticoids 
can be useful in some diseases. Syn thetic analogs of glu-
cocorticoids are most commonly used locally to suppress 
infl ammation of the skin in various forms of dermatitis.

8. Immunosuppressive effect In pharmacological doses, glu-
cocorticoids suppress also the immune response. Immune 
response is a normal and generally desirable response. But 
sometimes it may need to be suppressed, as in autoimmune 
diseases and hypersensitivity reactions.

Regulation of Glucocorticoid Secretion
Glucocorticoid secretion is stimulated by adrenocorti cotropic 
hormone (ACTH), which is secreted by the anterior pituitary. 
ACTH secretion is stimulated by corticotropin releasing hor-
mone (CRH), which is secreted by the hypothalamus, and is 
delivered to the anterior pituitary by the hypothalamo-hypo-
physeal portal ves sels. The chain is called hypothalamus-pitu-
itary-adrenal axis. The secretion of ACTH and CRH is subject 
to negative feedback inhibition (Fig. 11.5). The feedback effect 
keeps glucocorticoid secretion within normal limits. Stress can 
stimulate the hypothalamus to release more CRH. That in turn 
increases ACTH secretion. Conse quently glucorticoid secre-
tion is elevated in stress.

Excess Glucocorticoid Secretion: Cushing’s Syndrome
Excess of glucocorticoids leads to a fat round face and fat dep-
osition in the abdomen but the limbs remain thin (Cushingoid 
appearance).. The muscles are wasted and bones develop oste-
oporosis due to protein catabolism. Similarly, there is thinning 
of the skin leading to prominent stretch marks and easy bruis-
ability. Blood sugar may be raised primarily due to gluconeo-
genesis, but also due to decreased insulin sensitivity. Resistance 
to infections is impaired due to immuno suppression. The blood 
pressure is raised. Sodium and water retention occurs due to 
the weak mineralocorticoid activity of glucocorticoids, which 
becomes signifi cant when the secretion is excessive. Women 
are also noted to develop masculine hair distribution.

Defi cient Glucocorticoid Secretion: Addison’s Disease
Defi ciency of glucocorticoids leads to loss of appetite, loss of 
weight, anemia and weakness. It impairs the capacity of the 

body to cope up with stress. The blood pressure may be low. 
Body fl uids may be depleted of sodium and water. Blood tests 
show lymphopenia and eosinopenia. If the defi ciency is due to 
a defect in the adrenal cortex itself, negative feedback leads to 
elevated ACTH levels. Elevated ACTH levels lead to pigmen-
tation of the skin and mucous membranes.

Mineralocorticoids
The main mineralocorticoid secreted by the human adrenal 
cortex is aldosterone.

Actions of Aldosterone
Aldosterone acts primarily in the kidney. It increases sodium 
reabsorption in the distal convoluted tubules and collecting 
ducts. As the result of this, the body retains sodium. Secondary 
to sodium retention, water is also retained. Thus aldosterone 
promotes sodium and water retention. In contrast, aldosterone 
increases the renal loss of potassium.

Regulation of Aldosterone Secretion
Aldosterone secretion is regulated primarily by two factors: 
plasma potassium level and renin-angiotensin system.
1. Plasma potassium When the plasma potassium level 

is high, aldosterone secretion is increased. This is under-
standable because aldosterone increases urinary potassium 
loss. Thus plasma potassium level itself can regulate aldos-
terone secretion so that plasma potas sium stays within nor-
mal limits.

2. Renin-angiotensin system Renin is a hormone released by 
the kidneys. It is synthesized in the juxtaglomerular cells 
of the kidney. Some of the important stimulators of renin 
release are renal ischemia and salt depletion. These changes 
are also detected by the juxtaglomerular cells. Renal 
ischemia may be due to a fall in blood pressure, which in 
turn, may be due to salt and water depletion. Thus the two 
factors are interrelated.

 Renin acts on a plasma protein, angiotensinogen, to form 
angiotensin I. Angiotensin I is converted by an enzyme, angi-
otensin converting enzyme (ACE) into angiotensin II. Besides 
being a potent vasoconstrictor, angiotensin II also releases 
aldosterone from the adrenal cortex. In addition, angiotensin II 
also inhibits renin release from the kidney, thereby forming a 
negative feedback loop.

Excess Aldosterone Secretion: Conn’s Syndrome
Excess aldosterone secretion leads to sodium retention and 
excess potassium loss. Sodium retention leads to water reten-
tion. Sodium and water retention may lead to hypertension. 
Along with excess renal potassium excretion, aldosterone also 
increases renal hydrogen ion excretion. That leads to alkalosis. 
Thus hypertension, hypokalemia and alkalosis are the typical 
features of aldosterone excess.

Defi cient Aldosterone Secretion
Defi ciency of aldosterone has features opposite those of aldos-
terone excess. Excess sodium and water loss may lead to hypo-
tension. Reduced potassium excretion leads to hyperkalemia. 
Reduced hydrogen ion excretion leads to acidosis.
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Androgens
The primary adrenal androgen is dehydroepiandrosterone 
(DHEA). However, it does not activate the androgen receptor, 
and needs to be converted to the active testosterone molecule 
by target tissues such as skin and gonads. The fetal adrenals 
synthesize large amounts of DHEA which is converted by the 
placenta to estrogen. After birth, its production falls dramati-
cally, but resumes at about 7-8 years of age leading to appear-
ance of pubic and axillary hair, a process called adrenarche. 
Adrenals are a signifi cant source of androgens in females, 
although in males they only supplement, in a small way, the 
testicular androgen secretion. In females, androgens possi-
bly have an important anabolic function contri buting to bone 
integrity and muscle mass. Androgens of adrenal origin can be 
converted into estrogens by adipose tissue. These estrogens are 
the major source of estrogen in males and in postmenopausal 
females. Adrenal DHEA production declines with age, and 
though there is, of late, considerable interest in using it as a 
‘health supplement’, both its physiologic and pharmacologic 
importance is not clear.

Abnormal Secretion: Adrenogenital Syndrome
In some cases of congenital defi ciency of enzymes involved 
in glucocorticoid synthesis, the intermediate compounds accu-
mulate in excess (Fig. 9.4.1). These compounds can be con-
verted into androgens. Further, defi ciency of glucocorticoids 
leads to increased secretion of ACTH by negative feedback. 
High levels of ACTH lead to adrenocortical hyperplasia. The 
enlarged hyperplastic adrenals cannot still manufacture enough 
glucocorticoids due to enzyme defi ciency but end up making 
still more androgens. The large amounts of androgens lead to 
precocious (early) puberty in males, and to appearance of male 
secondary sexual characteristics in females.

ADRENAL MEDULLA
Adrenal medulla is, functionally, a part of the sympathetic divi-
sion of the autonomic nervous system (ANS). It is supplied by 
fi bres of the splanchnic nerve. These fi bres, which are equiva-
lent to preganglionic fi bres, terminate on the chromaffi n cells 
of the adrenal medulla. Chromaffi n cells synthesize catecho-
lamines - mostly epinephrine, but also some norepinephrine. 
Thus chromaffi n cells are equivalent to postganglionic neu-
rons. But they lack axons. Instead, chromaffi n cells of the adre-
nal medulla release epinephrine directly into the bloodstream. 
That is why adrenal medulla is an endocrine gland (Fig. 9.4.2). 
Adrenal medulla is activated whenever sympathetic nervous 
system is activated. Sympathetic nerves release norepine-
phrine locally in the organs supplied by them. Adrenal medulla 
releases epinephrine and norepinephrine into the general cir-
culation so that it can also reach organs outside the reach of 
sympathetic nerves (e.g. skeletal muscles).

Mechanism of Action
Catecholamines are derived from the amino acid, tyrosine. 
Like peptide hormones, catecholamines also have cell mem-
brane receptors. Catecholamine receptors are broadly of two 
types - alpha and beta. Further, each of these has two subtypes, 

viz. alpha1 and alpha2, beta1 and beta2. All these receptors are 
G-protein coupled receptors. Both the subtypes of beta recep-
tors, when combined with the hormone, lead to an increase in 
cAMP in the cell which, in turn, mediates the action of the hor-
mone. Alpha2 type of receptors, in contrast, act by decreas ing 
the level of cAMP in the cell. The action of alpha1 recep tors is 
mediated by a change in intracellular concen tration of calcium 
ions.
 Besides the difference in second messengers, the classi-
fi cation of receptors also takes into account differences in bio-
logical action, and the variation in antagonists which can block 
individual actions.
 Epinephrine acts via both alpha and beta receptors. 
Norepinephrine acts primarily via only alpha receptors.

Actions of Catecholamines
Like the sympathetic nervous system, catecholamines also 
help the body cope up with stress. Bodily responses to cate-
cholamines can be generally predicted correctly by thinking 
what would be helpful to the body in stress. The actions have 
been summarized in Table 9.4.1. As seen, the cardiovascular 
and respiratory systems are made ready for muscular action, 
and fuel is mobilized for additional effort. There is also 
arousal of the central nervous system, pupillary dilation and 
piloerrection.

FIG. 9.4.1: Skeleton of biochemical pathways in adrenal cortex. 
Defi ciency of enzymes for glucocorticoid synthesis leads to increased 
conversion of pregnanolone into androgen.

FIG. 9.4.2: Adrenal medulla is comparable to postganglionic neurons 
of the sympathetic nervous system. A. Schematic representation 
of sympathetic nervous system. Pre, preganglionic neuron; Post, 
postganglionic neuron; NE, norepinephrine; T, target organ. 
B. Schematic representation of adrenal medulla and its innervation. 
symp, sympathetic nerve fi bres supplying the adrenal medulla; 
C. Chromaffi n cells of the adrenal medulla; E, epinephrine.
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Regulation of Catecholamine Secretion
Regulation of catecholamine secretion is linked up with regu-
lation of autonomic activity. It is controlled by the brainstem 
reticular formation via the hypothalamus. This aspect, and 
some other aspects of adrenal medullary function will become 
clearer after studying ANS (Chapter 14.1)

Excess Catecholamine Secretion
Excess catecholamine secretion may be the result of a tumor of 
the adrenal medulla called pheochromocytoma. The cardinal 
feature of pheochromocytomas is hyper tension.

Table 9.4.1: Actions of catecholamines

Alpha receptor actions Beta receptor actions

Vasoconstriction Increase in rate and force of   
 contraction of heart
Contraction of gastrointestinal  Bronchodilation
and genitourinary sphincters
Relaxation of gastrointestinal  Dilatation of blood vessels
tract in skeletal muscles
Glycogenolysis Glycogenolysis
 Gluconeogenesis
 Lipolysis
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9.5
Pancreas

Pancreas is a stucture which may be considered two organs in 
one. Its exocrine part, which secretes digestive enzymes, has 
already been considered (Chapter 6.6). The endocrine part, 
which secretes hormones, will be discussed here. The endo-
crine part forms about 1% of the weight of the pancreas. 
Histologically, the endocrine pancreas forms about 1 million 
clusters (islands) of cells scattered at random throughout the 
pancreas (Fig. 9.5.1). These islands are called the islets of 
Langerhans. The islets have four types of cells which secrete 
four different hormones. A cells, which form about 25% of the 
islet cells, secrete glucagon. B cells, which form about 70% 
of the islet cells, secrete insulin. D cells, which form about 
5% of the islet cells, secrete somatostatin. The F cells, very 
few in number, secrete pancreatic polypeptide. Somato statin 
affects the secretion of insulin and glucagon locally. Pancreatic 
polypeptide plays a role in the regulation of some gastrointesti-
nal secretions. Here we shall discuss only the major hormones 
of the pancreas, viz. insulin and glucagon.

INSULIN
As mentioned above, insulin is secreted by the B cells of the 
islets of Langerhans of pancreas. Its defi ciency — absolute or 
effective — is the basic defect in the common disease, diabetes 
mellitus.

Actions of Insulin
Insulin affects the metabolism of carbohydrates, lipids and pro-
teins, and also stimulates cell division.

Effects on Carbohydrate Metabolism
Insulin increases the utilization of glucose and decreases its 
production by its following actions.
a. Insulin stimulates oxidation of glucose by glycolysis, spe-

cially in the liver and skeletal muscle. Thus insulin favors 
utilization of glucose as fuel. Thereby, it spares amino acids 
for protein synthesis and fatty acids for lipogenesis.

b. Insulin stimulates glycogenesis. In other words, it favors 
conversion of glucose into its storage form, glycogen. This 
action is seen in both liver and muscle.

c. Insulin inhibits synthesis of glucose from non-carbo hydrate 
sources (gluconeogenesis).

 The overall effect of the above actions is a decrease in the 
blood glucose level.

Effects on Lipid Metabolism
Insulin stimulates synthesis of lipids (lipogenesis) and inhibits 
their breakdown (lipolysis).

Effects on Protein Metabolism
Insulin stimulates protein synthesis (anabolism) and inhibits 
protein breakdown (catabolism).

Effects on Cell Division
Insulin enhances the effect of many other growth factors in cell 
cultures. This suggests that insulin may have a role in stimulat-
ing cell division during growth and repair.
 Food has two basic functions: to provide energy, and to pro-
vide material for growth and repair. Insulin helps in utilization 
of carbohydrate as fuel to obtain energy. Insulin also conserves 
protein for growth, and stimulates cell division, which is neces-
sary for growth. In addition, insulin also serves to store carbo-
hydrate as glycogen and fats as triglycerides. These reserves 
are useful when carbohydrate supply is reduced, as between 
meals and during fasting. Thus insulin helps in making best use 
of all the major nutrients in our diet.

Mechanism of Action
Although insulin has so many actions, so far we know of only 
one type of insulin receptor. Insulin is a peptide hormone. 
Accordingly, insulin receptors are cell mem brane receptors. 
The multiple actions of insulin are the result of the insulin-
receptor complex leading to gene ration of a wide variety of 
second messengers or intracellular signals. For example, one 
mechanism by which glucose utilization is enhanced is by 
translocating glucose transporters to the cell membrane. In this 
way the transport of glucose into the cells is increased. Another 
mechanism by which intermediary metabolism is affected is by 
activation or inhibition of various enzymes involved in meta-
bolic reactions. Protein synthesis is stimulated non-specifi cally 
by enhanced transport of amino acids into cells. In addition, 
mRNA synthesis is also increased. Stimulation of specifi c types 
of mRNA increases the synthesis of specifi c proteins, includ-
ing some enzymes. The expression of some specifi c genes may 
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Fig. 9.5.1: Histological structure of the pancreas. The alpha, beta and delta cells in the islets of Langerhans can be distinguished from one 
another either by staining characteristics, or by electron microscopy on the basis of the characteristics of cytoplasmic granules.

Sir Frederick Grant Banting (1891-1941)

Imagine a young surgeon working part-time as a demonstra-
tor in physiology to make both ends meet. While preparing 
for a lecture on diabetes, he takes a fresh look at pancreatic 
physiology. Then he happens to read an article in a surgi-
cal journal pointing out the analogy between degenerative 
changes which follow experimental ligation of the pancreatic 
duct, and the blockage of the duct by gallstones. His mind 
puts pancreatic physiology and the surgical article together, 
and seems to be getting close to an idea. He is so excited 
that he cannot sleep. Finally, at two in the morning he man-
ages to crystallize his wild thoughts, and writes in his note-
book “Ligate pancreatic ducts of dogs. Wait six or eight 
weeks for degeneration. Remove the residue and extract.” 
The next morning he consults many professors in the town, 
who tell him that facilities for such an experiment are not 
available locally. He is advised to consult Prof. J.J.R. Macleod 
of Toronto. So far, so good. You would normally expect the 
idea to fade from the young surgeon’s consciousness, and 
the page in his diary to rest in a dusty drawer. But not so in 
this case. The surgeon wraps up his practice, gets rid of his 
house and furniture, and proceeds to Toronto.
 The surgeon was Dr. Frederick Grant Banting, and his 
precipitate action defi es all reason. Most of the events which 
occur at turning points in history defy all reason. So there 
he was, Dr. Banting sitting face to face with Prof. Macleod. 
Prof. Macleod’s attitude was cordial but cautious. He was 
aware of similar experiments having been performed in 
the past, which had all failed to fi nd the pancreatic factor 
which could prevent diabetes. However, looking at Banting’s 
enthusiasm, Macleod agreed to give him ten dogs, use of 
the laboratory for eight weeks, and an assistant for carrying 
out biochemical analytical procedures. The assistant was a 

fourth year medical student, Charles Herbert Best. Banting 
and Best commenced work on 16 May 1921, rejecting all 
conventional warning and discouragement. In the course 
of their experiments, they administered over 75 doses of 
extract from degenerated pancreatic tissue to 10 different 
diabetic animals. Since the extract always produced a reduc-
tion in the blood sugar and urinary sugar level, they con-
cluded that the extract contained the internal secretion of 
pancreas. The active principle had already been named long 
ago, in anticipation, as insulin (insula, island) because of its 
origin in the islets of Langerhans.
 After initial scepticism, the discovery was widely rec-
ognized through many prizes and awards. The climax was 
the Nobel Prize, which was awarded jointly to Banting and 
Macleod. Banting was deeply hurt by the fact that the Nobel 
Prize Committee had not recognized Best. To express his 
gratitude to Best, Banting shared the prize money equally 
with him. Inspired by this gesture, Macleod also shared his 
prize with Collip, who halped them in devising better meth-
ods of extraction of insulin after the initial discovery had 
been made.
 The discovery of insulin as well as the unique partnership 
of Banting and Best will always remain important milestones 
in medical history. Apart from the fact that the discovery 
was made by inexperienced workers, it solved a long-stand-
ing problem. Of course, what stands out most glaringly is the 
dramatic nature of the discovery: experiments conceived in 
1920, study begun in 1921, discovery made in 1921, applied 
clinically in 1921.

(Reprinted, with permission, from the Editorial. Indian J Physiol 
Pharmacol 1991; 35 : 143-144. Courtesy : The Editor, The 
Indian Journal of Physiology and Pharmacology.)
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even be inhibited. For example, insulin inhibits the expression 
of the gene for a key enzyme required for gluconeogenesis. 
That is how insulin inhibits glucose production by gluconeo-
genesis. Finally, insulin also stimulates DNA synthesis under 
some circumstances. This may explain the effect of insulin on 
cell division.

Regulation of Insulin Secretion
The most important regulator of insulin secretion is the con-
centration of glucose in the plasma. When the plasma glucose 
level is above the fasting level (80-100 mg/dL), insulin secre-
tion is turned on. As the plasma glucose level increases further, 
insulin secretion also increases. Maximum secretion of insulin 
occurs at a plasma glucose level between 300 and 500 mg/dL. 
This arrangement is logical and works very well because:
a. Insulin reduces plasma glucose level. Thus the regu latory 

mechanism has the features of a negative feedback control 
system.

b. Plasma glucose level rises after a meal. Insulin helps in 
making best use of the various components of the meal, viz. 
carbohydrates, proteins and fats.

 In fact, the pancreas is activated in anticipation of the rise 
in plasma glucose by gut hormones, specially GIP (Glucose-
dependent insulinotropic peptide) and GLP-1 (Glucagon like 
peptide-1) which are secreted in response to the presence of 
glucose in the small intestine. Thus even before glucose has 
been absorbed, these gastrointestinal hormones reach the pan-
creas through the blood- stream and stimulate a robust insulin 
secretion. They are therefore referred to as incretins, and form 
part of the enteroinsular axis.

Regulation of Plasma Glucose
Regulation of plasma glucose is closely linked to the regulation 
of insulin secretion. As the above discussion indicates, insulin 
secretion would prevent the plasma glucose from rising much 
above the fasting level. That is why even after a heavy meal, 
plasma glucose generally stays below 200 mg/dL in healthy 
persons.
 But it is equally important to ensure that plasma glucose 
does not fall very low. Some organs such as the brain do not 
function normally at low plasma glucose levels. Fortunately 
there are several hormones which raise plasma glucose level. 
One of them is built into the islets itself, viz. glucagon (see 
below). Epinephrine and cortisol are stimulated by stress, 
including that of hypoglycaemia, and bring the plasma glucose 
back to normal. In addition, growth hormone also increases 
plasma glucose level. Thus there are several hormones which 
raise plasma glucose, and only one (insulin) which lowers 
plasma glucose. But the physiological mechanisms regulate the 
secretion of all these hormones in such a way that plasma glu-
cose always stays within the normal range.

Pathophysiology of Diabetes Mellitus
Diabetes mellitus, commonly called simply diabetes, is due 
to an effective defi ciency of insulin. There may be an actual 
decrease in insulin secretion (absolute defi ciency), or the body 

may be resistant to the action of insulin (relative defi ciency). 
Insulin resistance may be due to insulin antibodies in circula-
tion, a decrease in insulin receptors, or antibodies to insulin 
receptors. However, the commonest cause for insulin resist-
ance is defective second messenger signaling after insulin 
binds to the receptor (post receptor defect).
 The features of diabetes mellitus can be easily under-
stood in light of the actions of insulin. Insulin promotes glu-
cose utilization. Therefore in insulin defi ciency, glucose is 
poorly utilized. Hence the plasma glucose level becomes high 
(hyperglycemia). The renal threshold for glucose reabsorp-
tion is plasma glucose level of about 180 mg/dL. If the hyper-
glycemia of diabetes exceeds this level, glucose appears in the 
urine (gluco suria). The presence of glucose in renal tubules 
exerts an osmotic effect, thereby reducing reabsorption of 
water. Therefore the volume of urine formed increases (polyu-
ria). Excessive urinary loss of water activates the mechanism 
of thirst. Therefore the patient drinks too much water (poly-
dipsia). Since his glucose utilization is poor, the body behaves 
as if the person is not eating enough. Hence the food intake 
mechanisms are also activated, and the patient eats more (poly-
phagia). But since the food fuels are not utilized effi ciently 
due to insulin defi ciency, the person loses weight . That is why 
diabetes is sometimes called the disease of starvation in the 
midst of plenty. Excessive breakdown of protein adds to the 
wasting and makes the person further emaciated.
 Since insulin inhibits lipolysis, in insulin deficiency 
lipolysis is increased. Therefore the plasma free fatty acid 
level is raised. Consequently, free fatty acid oxidation is also 
increased, which tends to compensate for the decreased gly-
colysis. However, due to reduced glycolysis, there is a reduc-
tion in the amount of fatty acids that can be oxidized to carbon 
dioxide. Therefore some of the fatty acids are only partially 
oxidized, forming ketone bodies (ketosis). Excessive loss of 
water in the urine may lead to some dehydration and disorders 
of electrolyte and acid-base balance.
 Together with ketosis these disturbances may 
lead to ketoacidosis and even coma in severe uncontrolled 
diabetes.

GLUCAGON
Glucagon is secreted by the A cells of the islets of Langerhans 
of pancreas.

Actions
The actions of glucagon are somewhat opposite those of 
insulin.
1. Glucagon stimulates glycogenolysis in the liver but not in 

muscle. Breakdown of glycogen yields glucose.
2. Glucagon stimulates production of glucose from amino 

acids (gluconeogenesis). Both glycogenolysis and gluco-
neogenesis tend to raise plasma glucose level.

3. Glucagon stimulates lipolysis. Breakdown of lipids yields 
free fatty acids, which may be oxidized comple tely to car-
bon dioxide, or incompletely to form ketone bodies.
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Regulation of Glucagon Secretion
Glucose inhibits glucagon secretion and so does insulin. The 
action of glucose may be direct, or may be indirectly mediated 
by insulin. Some the gut hormones which stimulate insulin 
release also decrease glucagon secretion.

Glucagon Excess
Glucagon levels are generally high in diabetes mellitus. This 
may be the result of reduced inhibition by insulin, or due to 
diminished ‘incertin’ effect as mentioned above. Potentiation 
of the incretin effect represents a novel therapeutic strategy 
for treating diabetes as it both augments insulin release and 
decreases glucagon action.
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9.6
Pineal Gland

The pineal gland, so called because it resembles a pine cone, 
has been an organ surrounded by much mystery and specula-
tion. Galen (130-200 A.D.) postulated that as the vital spirit, 
‘pneuma’, passed from the third ventricle to the fourth through 
the aqueduct of Sylvius (Fig. 9.6.1B), the pineal acted as a gate-
keeper. Descartes (1596-1650) was fascinated by the fact that 
the pineal is an unpaired structure. He assumed that since per-
ception is unitary, the soul must reside in an unpaired structure 
of the brain. Hence he placed the seat of the soul in the pineal 
and postulated that it presides over the brain, and through the 
brain, over the whole body.1 While Descartes placed the soul 
in the pineal in the 17th century, Albrecht von Haller (1708-
1777) unseated it from there in the 18th century, and placed it 
in the medulla oblongata ‘because all nerves can be traced to 
the medulla’. Modern scientifi c literature, till recently, consid-
ered pineal to be a vestigial organ, a remnant of ‘the third eye’, 
but without any signifi cant functions. The situation changed 
rapidly after a group of dermatologists, led by A.B. Lerner, 
successfully isolated a substance from bovine pineal extracts in 
1958. They called the substance melatonin because it lightened 
the skin colour of frogs and fi sh. Later they also elucidated the 
chemical structure of melatonin. One of the latest advances 
in pineal research has been the purifi cation of the melatonin 
receptor from the lizard brain by S.A. Rivkees and colleagues 
in 1990. As a result of rapid growth in our knowledge, now 
pineal occupies an important place in the neuroendocrine-
immune axis comparable to that of the hypothalamus, with 
which it is closely connected. Research on the pineal is con-
tinuing at a vigorous pace, and we can soon expect answers to 
the several questions which still remain unanswered.

FUNCTIONAL ANATOMY
The pineal gland is situated in the depression between the 
superior colliculi, and is close to the posterodorsal area of 

the diencephalon, to which it is attached by the pineal stalk 
(Fig. 9.6.1). The proximal part of the pineal is closely related to 
the third ventricle, and hence to the cerebrospinal fl uid (CSF). 
The precise physiological signifi cance of the proximity of the 
pineal to the CSF is not yet understood.
 Histologically, the endocrine cells of the pineal, called pin-
ealocytes, are arranged into cords or lobules. The cords are 
separated from one another by connective tissue septa. In the 
elderly the septa become more prominent and may show cal-
cium deposits. The calcifi ed pineal can be seen in X-ray of the 
skull.
 The pineal has a rich blood supply. Phylogenetically, pin-
ealocytes are photoreceptor cells which have lost their outer 
segment. Hence they have lost photosensitivity and posses only 
secretory activity. Pinealocytes have processes which reach 
near capillaries. In the perivascular space, the processes lie 
close to the sympathetic nerve endings innervating the pineal.

Innervation
The innervation of pineal is rather circuitous. Sensory informa-
tion from the eye is important for regulation of pineal func-
tion. Light suppresses pineal secretion, whereas the secre-
tion increases in darkness. Accordingly the innervation of the 
pineal may be traced from the retina (Fig. 9.6.2A). The gan-
glion cells of the retina carry visual information from the retina 
to the suprachiasmatic nucleus (SCN) of the hypothalamus via 
the retino hypo thalamic tract. The SCN neurons project to the 
paraven tricular nuclei (PVN) of the hypothalamus. Neurons 
with long descending axons carry information from the PVN 
to preganglionic sympathetic neurons in the inter mediolateral 
column of the upper thoracic seg ments of the spinal cord. The 
axons of these pre ganglionic neurons travel in the sympathetic 
trunk to synapse with post ganglionic neurons in the superior 
cervical ganglion. The axons of these postganglionic neurons 
enter the skull and innervate the pineal.2

1 Although it is generally believed that Descartes called pineal the seat of the soul, according to Karasek and Reiter, Descartes never said so. According 
to them, Descartes regarded the pineal as the ‘right hand’ of the soul. (Karasek and Reiter. In: Jones, Capen & Mohr - Editors: Endocrine System. Berlin: 
Springer, 2nd Edn, 1996, p. 193)
2 Some neurons of the central nervous system project directly to the pineal via the pineal stalk. But the functional signifi cance of these connections is 
still unknown.
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Fig. 9.6.1: The pineal gland and its surrounding structures. A. Posterior view of the brainstem. The cerebellum has been removed. B. 
Midsagittal section of the brainstem. The cerebellum has been removed. Note that the pineal is also called epiphysis cerebri while the 
pituitary is also called hypophysis cerebri.

Fig. 9.6.2: Innervation of the pineal gland. A. The pathway from the retina to the pineal. Ganglion cell axons (G) travel in the retinohypothalamic 
pathway to the suprachiasmatic nucleus (SCN) of the hypothalamus. PVN, paraventricular nucleus of the hypothalamus. Details in the 
text. B. Diagrammatic representation of termination of postganglionic sympathetic nerve fi bres on pinealocytes. The signal conveyed by 
norepinephrine (NE) is transduced by beta adrenergic receptors. The second messenger is cyclic AMP, which increases the activity of 
N-acetyltransferase (NAT), which in turn increases the conversion of tryptophan (TRY) into melatonin (MLT).

SECRETORY PRODUCTS

The principal secretory product of the pineal gland is 
melatonin.3 Chemically, melatonin is N-acetyl-5 metho-
xytryptamine. It is synthesized from tryptophan as shown in 
Figure 9.6.3.
 Melatonin, once synthesized, is promptly released into cir-
culation. Therefore, fi rstly, the blood level of melatonin refl ects 

quite accurately the rate of synthesis, and secondly, no appreci-
able quantity of melatonin is stored in the pineal.
 Most of the circulating melatonin is bound to albumin. This 
prevents to a great extent urinary excretion of melatonin. But 
melatonin bound to albumin readily crosses the blood-brain 
barrier.4 Hence the binding does not prevent melatonin from 
affecting the central nervous system.

3 The other products of pineal are some indoles other than melatonin, and some polypeptides. On the other hand, while pineal is the principal source of 
melatonin, retina and possibly some other tissues also synthesize melatonin.
4 The blood-brain barrier is weak in some parts of the brain, including the pineal.
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 The principal site of metabolism of melatonin is the liver 
where melatonin is converted into 6-hydroxy melatonin and 
then conjugated with sulfate or glucuronide.

FACTORS AFFECTING MELATONIN SECRETION

Light:dark Cycle

Melatonin secretion shows a circadian rhythm, the level being 
higher at night, the peak level being at 3-4 am (Fig. 9.6.4). 
This fl uctuation depends on the sympathetic innervation of the 
pineal. The mechanism underlying the cyclic change normally 
is that retinal activity changes depending upon whether the 
environment is dark or well-lit. Change in retinal ganglion cells 
is fi nally conveyed by the sympathetic nerve fi bres supplying 
the pineal (Fig. 9.6.2B). The norepinephrine released by these 
nerve endings affects mainly the beta receptors but also alpha-1 
receptors on the pinealocytes. The effect of the neurotransmit-
ter on pinealocytes is to increase the intracellular cAMP levels. 
cAMP increases the activity of N-acetyltransferase (NAT), one 
of the regulatory enzymes in the biosynthesis of melatonin. 
Consistent with this mechanism, the nocturnal rise in the blood 
level of melatonin is blocked by propranolol, a beta recep-
tor antagonist. However, there are also some additional fac-
tors involved. The density of beta receptors on pinealo cytes is 
increased at night. Thus not only are they sub jected to more 
neurotransmitter action, the neuro trans mitter also becomes 

more effective. Further, in the blind, melatonin levels show an 
approximately 24-hour rhythm but the peak level may be at 
any time in the day or night.5 A similar phenomenon is seen 
in subjects exposed to continuous absence of natural light in 
Antarctica during the winter months. Thus the internal biologi-
cal clock located in the SCN of the hypothalamus is able to 
main tain circadian rhythmicity of melatonin secretion but not 
its relationship to the light-dark cycle.

Photoperiod
As mentioned above, melatonin secretion shows cir cadian 
rhythmicity synchronous with the light-dark cycle. The rela-
tive duration of light and darkness is different during differ-
ent parts of the year. During summers, the days (light period) 
are longer, while during winters the nights (dark period) are 
longer. The difference is accen tuated as we move away from 
the equator.
 It has been observed that when the nights are longer, the 
duration of the nocturnal melatonin secretion is prolonged 
(Fig. 9.6.5). Thus, in addition to the circadian rhythm, mela-
tonin secretion has an annual rhythm, the secretion being more 
during the winters.

Age
Day-time blood levels of melatonin are very low throughout 
life but nocturnal levels show age-related variation. Highest 

Fig. 9.6.3: The biosynthetic pathway of melatonin. Fig. 9.6.4: A few circadian rhythms of the body. The melatonin levels 
are high, whereas the body temperature and physical activity (in 
diurnal animals like man) are at a low level at night.

5 Such a 24-hour rhythm which shows no relationship to light or darkness is called a ‘free-running rhythm’. When a free-running rhythm gets synchro-
nized with light/darkness, it is said to get ‘entrained’.
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nocturnal levels are seen at the age of about 1 year, after which 
the levels decline gradually. Lowest nocturnal levels of mela-
tonin are seen in old age.

Exercise
Acute vigorous physical exercise is associated with a signifi -
cant transient increase in circulating level of melatonin during 
or soon after the exercise.

Menstrual Cycle
During the midmenstrual period, when gonadotropin levels 
are at their highest, the nocturnal rise in melatonin level is less 
marked.

Stress
Since the pineal is supplied by sympathetic nerve fi bres, and 
sympathetic nervous system (SNS) is activated during stress, it 
may be expected that stress would stimulate melatonin secre-
tion. But observations made so far have shown that a variety 
of stressors fail to affect melatonin secretion. Thus the sympa-
thetic nerve supply of the pineal seems to have a control inde-
pendent of most other components of the SNS.

Electrical and Magnetic Fields
Studies on humans as well as some other species have shown 
that low frequency electric and magnetic fi elds reduce the noc-
turnal rise in pineal secretion.

ACTIONS OF MELATONIN
Melatonin has a wide variety of actions. But these actions have 
not yet been adequately understood as components of vari-
ous functions of the body. But it is reasonable to assume that 
a physiological substance with such wide-ranging actions must 
have a major role in the economy of the body.
 As mentioned earlier, melatonin secretion shows a circa-
dian and an annual (seasonal) rhythm. Therefore melatonin is 
a suitable molecule for providing a signal for change to body 
functions which need to change according to time of the day or 
the season.

Effects on Reproduction
The pineal mediates the effects of photoperiod (day length) 
on reproduction. This is particularly important in animals like 
sheep and goats having seasonal reproduction. The effects in 
human beings are less clear. The overall effect of melatonin 
seems to be to suppress gonadotropin secretion from the pitui-
tary. There is emerging evidence that melatonin secretion 
increases progressively during pregnancy, and it may be essen-
tial for normal pregnancy and parturition. It crosses the pla-
centa, and may provide photoperiodic information to the fetus 
as well.

Effects on Metabolic Rate
The survival of hibernating animals in the winter months 
depends on their ability to reduce their metabolic require ments. 
The approaching of winter is signalled by shorter days. Longer 
nights translate into higher mela tonin levels. In hibernating 
animals, melatonin increases body weight. The gain in weight 
is not due to an increase in food intake. Therefore it possibly 
refl ects a decrease in metabolic rate.
 On the other hand, in non-hibernating animals melato-
nin leads to either no change in body weight or loss of body 
weight.
 In women, melatonin has been shown to have an acute tem-
perature lowering effect. This suggests that melatonin reduces 
the metabolic rate in humans, and that the daily melatonin 
rhythm may explain the diurnal rhythm of body temperature 
(BT). The metabolic effects of melato nin may be mediated by 
the thyroid.

Thermoregulatory Effects
As mentioned above, melatonin affects BT. There is an inverse 
relationship between the BT rhythm and melato nin rhythm 
(Fig. 9.6.4). Various attempts to manipulate the rhythm have 
confi rmed the relationship. For example, sleep deprivation 
leads to higher nocturnal melatonin peaks provided light 
remains dim at night. This is associated with a greater fall in 
BT at night. On the other hand, bright light at night leads to a 
lower nocturnal melatonin peak, and correspondingly a higher 
BT. But the BT can be made to fall in spite of bright light by an 
injec tion of melatonin.6 However, none of these obser vations 
proves that melatonin is involved in thermo regulatory mech-
anisms. But some role in thermo regulation is quite likely in 
view of afferent and efferent connections between the pineal 
and the preoptic area of hypothalamus.

Antioxidant Effect
Melatonin has now joined the family of endogenous antioxi-
dants. It is an effi cient scavenger of many reactive oxygen spe-
cies. Experimental studies have shown the protective effect of 
melatonin on DNA damage induced by radiation.

Effects on Immunity
Many lines of evidence point to the immunostimulant effect of 
melatonin. The primary antibody response to T cell-dependent 

Fig. 9.6.5: Effect of length of day on pineal secretion.

6 A discrepancy in this neat scheme is the fact that even in nocturnal animals such as rats the peak melatonin secretion is at night, but the body tempera-
ture is also higher at night.
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antigens is depressed by evening administration of the beta-
blocker, propranolol.7 The depression can be reversed by 
administration of melato nin. Administering the beta-blocker 
in the morning does not affect the immune response. Various 
other indicators of humoral immunity, cellular immunity, and 
antigen-independent immunity are also, in general, stimulated 
by melatonin. Melatonin has also been shown to counter act the 
immunosuppressive effect of stress or pharmaco logical doses 
of corticosteroids.
 Although several plausible mechanisms have been pos-
tulated for the immunoenhancing effects of melato nin, 
one of the better understood mechanisms involves opioid 
peptides. Melatonin stimulates activated T-helper cells to 
release opioid peptides which, in turn, enhance the immune 
response. Activated T-helper cells have an in-built mecha-
nism for triggering this chain. Activated T-helper cells 
also release interferon-gamma which stimulates melatonin 
synthesis.

CELLULAR MECHANISM OF ACTIONS OF 
MELATONIN

Melatonin, like other hormones, acts by binding to its 
receptors. Melatonin receptors are found in the nervous system 
and also in a large variety of extraneural tissues. Melatonin 
receptors are G-protein coupled cell membrane receptors. 
The binding of melatonin to its receptors is stimulated by 
calcium ions and inhibited by sodium ions. It seems the site 
of action of sodium ions is intracellular rather than on the cell 
membrane.

PATHOPHYSIOLOGICAL IMPLICATIONS
Discovery of the actions of melatonin has helped in under-
standing several disorders as well as suggested their treatment.

Jet lag
A long-distance flight can quickly transport a person to a 
place where the light:dark cycle is out of phase with the place 
from where he started. His body clock is still adjusted to the 
light:dark cycle of the place where he was before the journey. It 
takes time for the body clock, including the melatonin rhythm, 
to get entrained to the new light:dark cycle. This has been con-
sidered at least partly responsible for ‘jet lag’ – the daytime 
tiredness and sleepiness following the journey. An appropriate 
exposure to bright light, or well-timed administration of mela-
tonin, have been suggested as treatment for jet lag.

Sleep Disorders
Melatonin is a putative sleep inducing substance. It has been 
shown to induce sleep, and to increase the relative dura tion 
of rapid eye movement (REM) sleep. Accor din gly, melatonin 
may have a role in treatment of insomnia.

Mood Disorders
Patients having depression sometimes improve when exposed 
to bright light. That this may be due to suppres sion of mela-
tonin secretion is suggested by the obser vation that depressed 
patients often get worse if given melatonin.
 A mood disorder which is typically characterized by depres-
sion during winter months is called seasonal affective disorder 
(SAD). SAD may be due to longer nights, and hence higher 
melatonin secretion, during winter months. SAD improves if 
the patient is exposed to bright light during the day.

Cancer
In view of the antioxidant and immunoenhancing effects of 
melatonin, it may be expected to protect against cancer. While 
clinical and experimental studies, in general, do indiate that 
melatonin inhibits growth of cancer tissue, most such data is 
for steroid- or prolactin-dependent cancers, particularly breast 
cancer. Patients having estrogen receptor-positive (ER+) breast 
tumors have a signifi cantly lower nocturnal rise in melatonin 
than patients having ER -negative tumors. Melatonin has been 
tried as treatment for a few tumors with some success.

CONCLUDING REMARKS
It is now certain that pineal is not a vestigial organ in human 
beings. The pineal is closely related to the neuro endocrine-
immune axis, and has wide-ranging actions throughout the 
body. The special signifi cance of melato nin is that its secretion 
has a daily rhythm synchronous with the light:dark cycle, and 
an annual rhythm synchronous with changes in day- length. 
Thus it is in a special position to trigger those changes in the 
body which would be useful during the day, during the night, 
or in a particular season. For example, during the day a person 
should be energetic, metabolically active and should shake off 
the blues to attend to important tasks. Near absence of mela-
tonin during the day is conductive to such a state. At night, it 
is desirable to sleep, and meta bolism can be scaled down to 
a lower level. The nocturnal melatonin peak leads to these 
effects, and at the same time also gives a daily pulsatile boost 
to antioxidant and immune mechanisms of the body. Further, 
in some animals survival through the winter depends on the 
ability to hide underground and stay alive with minimal energy 
expenditure. In these animals, the seasonal rise in melatonin 
during winter facilitates survival. Reproduc tive activity and 
hibernation cannot go together: accordingly, high melatonin 
levels inhibit reproductive function. When the season is con-
ducive to better survival of the newborn, melatonin level falls 
and reproductive function resumes. It is possibly the survival 
value of link ing a wide range of functions to diurnal and annual 
cycles which makes the pineal and other structures involved 
in chronobiological mechanisms so important. The wide range 
of physiological actions and potential clinical applications of 
melatonin have prompted Yu and Reiter to say that “he who 
knows melatonin, knows medicine”.

7 The effect of innervation on the pineal is mediated predominantly by beta-adrenergic receptors. Therefore a beta-blocker effectively denervates 
the pineal.
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10.1
Getting Introduced to 

Reproductive Physiology

Reproductive system is different from all other systems of the 
body in that it makes almost no contribution to homeostasis. 
Therefore an individual can survive without the reproductive 
system. But without the reproductive system, there can be 
no next generation. Without the next generation, the species 
cannot survive. Unless the species survives, there can be no 
individual. Thus, indirectly, reproductive system is as essential 
for survival as any other system of the body.

SEX DETERMINATION
In higher animals like man, the key factor in reproduction 
is the differentiation of individuals into two types: male and 
female. These two types called sexes, perform complemen-
tary roles in reproduction. Sexual differen tiation begins before 
birth, and continues after birth, assuming high visibility during 
puberty. Sex is deter mined by genes. Genes are located on 
chromosomes. Each cell of a human being has 46 chromo-
somes. Out of these, only one pair of chromosomes determines 
the sex of an individual. If both members of the pair are of 
the type called X, the individual is a female. If only one of the 
members is X, and the other is of the type called Y, the indi-
vidual is a male. Sex is determined at conception. If the fi rst 
cell with which life begins (called zygote) has the sex chromo-
some combination XX, all cells arising from its division also 
have the combination XX, and the embryo differentiates into 
a female. If the zygote has the combination XY, the embryo 
differentiates into a male. How the zygote may acquire the XX 
or XY combination will be explained later when we discuss 
pregnancy.

Sex Chromatin
Cells of a female have two X chromosomes while the cells of a 
male have only one. The extra X chromosome in females gives 
rise to a characteristic appearance in some cells of the body. In 
epidermal cells or cells scraped from the oral mucosa, the extra 
X chromosome (sex chromatin) may be seen as a bit of con-
densed chromatin near the nuclear membrane. The condensed 
chromatin is called Barr body. In some neutrophils (1-15%) 
sex chromatin appears as a “drumstick” attached to the nucleus 
(Fig. 10.1.1). The Barr body and the drumstick are thought to 
represent one of the X chromosomes which has turned inactive.

Fig. 10.1.1: Sex chromatin in a neutrophil, sometimes called drum- 
stick because of its appearance.

 Examination of cells for sex chromatin is useful in cases 
of doubtful sexual differentiation. In individuals with more 
than one X chromosome, only one chromosome is active. 
All the extra chromosomes appear as sex chro matin. Thus 
the abnormality consisting of the chromo somal combination 
XXX (“superfemale”) is char acter tized by the presence of two 
Barr bodies or drumsticks in each cell. “Superfemales” may be 
detected only if examined for sex chromatin because they do 
not show any other obvious abnormality.

Sexual Differentiation
Sex determination by the type of chromosomes inherited by an 
individual during fertilization (XX or XY) is only the fi rst step 
in sexual differentiation. The next step is the development of 
gonadal sex during embryogenesis. There is evidence to sug-
gest that every embryo is primarily female. If the testes are 
removed before sexual differentiation, the male embryo also 
differentiates into a female. Thus the crucial factor in sexual 
differentiation is the presence (or absence) of the Y chromo-
some. If it is present, testes develop during embryogenesis. 
The testes secrete testosterone and ‘impose’ a male pattern of 
differen tiation on an embryo that would have otherwise differ-
entiated into a female.
 During embryogenesis, both male and female embryos go 
through an indifferent phase when they are indis ting uish able. 
The urogenital ridge contributes to the kidneys, adrenal cortex 
and gonads in both. The gonads are, to start with, the same in 
both sexes. Their comparable cell types have been shown in 
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Table 10.1.1. During the indifferent phase, embryos acquire 
dual ductal systems: the wolffi an ducts and the mullerian ducts. 
The external genitalia are also indistinguishable between the 
two sexes at this stage.
 At about 8 weeks of gestation, in the male the mulle rian 
ducts start regressing. The Wolffi an ducts develop into the 
male genital tract. The testes start acquiring their characteristic 
features.
 In the female, the mullerian ducts persist, and form the fal-
lopian tubes and uterus, but the wolffi an ducts degenerate. The 
ovaries start acquiring their characteristic features.
 From the ninth through the twelfth week of gestation, the 
external genitalia also get differentiated and can be recognized 
as male or female.

Hormonal Control of Sexual Differentiation
As discussed earlier, female sexual differentiation does not 
need much hormonal input: it seems to be due to the absence of 
male hormones. Although fetal ovaries start synthesizing estro-
gen at 9 weeks of gestation, it does not seem to have any role in 
sexual differentiation because female sexual differentiation is 
apparently normal even in the absence of gonads.
 Male sexual differentiation, on the other hand, requires 
fetal testicular hormones. The fetal Sertoli cells start producing 
antimullerian hormone (AMH) at about 7 weeks of gestation, 
and the fetal Leydig cells start secret ing testosterone at 8-9 
weeks of gestation. AMH mediates mullerian duct regression 
by activating an apoptotic pathway. Testosterone stimulates 
the growth and differentiation of the Wolffi an ducts, urogenital 
sinus and external genitalia to form the male genital tract and 
male external genitalia.

GENERAL SCHEME OF REPRODUCTIVE 
FUNCTION

The general scheme of reproductive function is the same 
in both sexes (Fig. 10.1.2). The basic reproductive organ in 
both sexes is the gonad. Gonads have two primary func tions: 
to produce gametes, and to secrete sex hor mones. These two 
functions of gonads are regulated directly by two separate hor-
mones (gonadotropins) of the anterior pituitary. Anterior pitui-
tary gonadotropins are regulated by the gonadotropin releasing 
hormone (GnRH) secreted by a part of the brain, the hypotha-
lamus. Hypothalamic GnRH secretion is infl uenced by those 
parts of the brain which are concerned with emotions (limbic 
system) and thoughts (cerebral cortex). That is why thoughts 
and emotions can affect reproductive function. Conversely, 

several parts of the brain are infl u enced by sex hormones. That 
is why thoughts and emo tions undergo a dramatic upheaval 
during puberty when sex hormone secretion increases.
 Sex hormones have various target organs. First among them 
are the gonads. Thus sex hormones, secreted by the gonads, 
affect gametogenesis by the gonads. The other target organs 
are responsible for the sex hormones leading to secondary sex 
characters and the metabolic effects of sex hormones.
 Secretion of sex hormones is subject to feedback regu-
lation. In general, sex hormones exert a negative feedback on 
anterior pituitary gonadotropin secretion.
 The general scheme of reproductive function, as expressed 
in the two sexes, has been depicted in Table 10.1.2.

PUBERTY
It is common knowledge that children do not show much 
sexual activity during infancy and childhood. The onset of 
sexual activity, rather suddenly at the age of about ten, is called 
puberty. Till puberty, sex hormone secretion, anterior pituitary 
gonadotropin secretion, and hypo thalamic GnRH secretion 
are low. At puberty, secretion of all these hormones increases. 
The mechanism of puberty may be resolved into two ques-
tions. First, what keeps hormone levels low in childhood; and 
second, what leads to a sudden increase in hormone secretion 
at puberty.

Why is Hormonal Secretion Low in Childhood?
The mechanism may be explored step by step.
1. In childhood, gonads are small and secrete only small 

amounts of sex hormones. But if a child’s gonads are stimu-
lated by gonadotropins, they quickly grow and function like 

Table 10.1.1: Cell types involved in gonadogenesis

Origin Cell type  Differentiated form

  Female Male

Coelomic  Supporting  Granulosa  Sertoli
epithelium cells cells cells

Mesenchyme Stromal cells Theca cells Leydig cells

Allantois Primordial Oocytes Spermatogonia   
 germ cells

Fig. 10.1.2: Basic functional organization of the reproductive system
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adult gonads. Hence low secretion of sex hormones is not 
due to immaturity of gonads.

2. In childhood, anterior pituitary secretes only small amounts 
of gonadotropins. But if a child’s anterior pituitary is stimu-
lated by GnRH, it is capable of secreting gonadotropins as 
in the adult. Hence low secre  tion of gonadotropins is not 
due to immaturity of anterior pituitary.

3. In childhood, the hypothalamus secretes only small amounts 
of GnRH. But the hypothalamic content of GnRH is not low 
during childhood. Hence low secre tion of GnRH is prob-
ably not due to immaturity of the hypothalamus.

What Increases the Hormonal Secretion at Puberty
1. It was once believed that in childhood, the anterior pitui-

tary gonadotropin secretion is extremely sensitive to the 
negative feedback effect of sex hormones. Therefore, it 
was thought, even the low concentrations of sex hormones 
which are present in childhood are able to inhibit pituitary 
gonadotropins. But at puberty the sensitivity of the anterior 
pituitary was thought to decrease dramatically. As the result 
of this change, gonadotropin secretion increases, leading to 
stimu lation of gonads and a consequent increase in secre-
tion of sex hormones.

 But it has been found that if the gonads are removed during 
childhood, so that even low levels of sex hormones are not 
available for inhibiting the anterior pituitary, gonadotropin 

secretion still does not increase. Thus the low secretion 
of gonadotropins during childhood is not due to high sen-
sitivity to the negative feedback effect of sex hormones. 
Hence the increase in secretion at puberty cannot be due 
to a decrease in the sensitivity of anterior pituitary to sex 
hormones (but it may be due to an increase in the sensitivity 
of anterior pituitary to GnRH; see below).

2. The above discussion has ruled out many plausible mecha-
nisms underlying the onset of puberty. There is now some 
evidence indicating that puberty has to wait for matura-
tion of some parts of the brain (probably in the limbic sys-
tem) which normally infl uence the hypo thalamus. When 
these parts of the limbic system are mature, they increase 
the stimulatory inputs to the hypo thalamus (mediated by 
glutamate, nor epine phrine and neuropeptide Y) and reduce 
the GABA-ergic inhibitory input to the hypothalamus. As 
a result, the hypothalamus secretes more GnRH. GnRH 
stimu lates the anterior pituitary to secrete more gonado tro-
pins. There is also some evidence that at puberty there is an 
increase in the sensitivity of the ante rior pitui tary to GnRH. 
That makes higher levels of GnRH all the more effective in 
stimulating the ante rior pituitary to secrete more gonado-
tropins. Increased secretion of gonadotropins stimulates the 
gonads to secrete more sex hormones. That is how puberty 
sets in.

QUESTION AND PROBLEM
1. Why may a female cat have a patchy coat colour?

ANSWER AND SOLUTION
1. In every somatic cell of a female, only one X chromosome 

is active. Which of the two X chromosomes, maternal or 
paternal, is active is a random process. In cats, coat colour 
is an X-linked character. Suppose a given female cat has 
inherited a white coat colour from the mother, and black 
from the father. In this cat, the patches of skin in which 
the maternal X chromosome is active would be white, 
and the patches in which the paternal X chromosome is 
expressed would be black. It will be an interesting exer-
cise to look for the phenotypic characters determined by 
X and Y chromosomes in human beings. For example, 
the amount of ear hair is a Y chromosome – determined 
character.

Table 10.1.2: General scheme of reproductive func-
tion as expressed in males and females

Organ/function In males In females

Gonads Testes Ovary
 Gametes Sperm Ovum
 Hormones Testosterone Estrogens
  Progesterone
Anterior pituitary
gonadotropins
 For stimulating FSH FSH
 gametogenesis
 For stimulating sex LH (also called LH
 hormone secretion ICSH in males)
Hypothalamic GnRH GnRH
hormone

FSH, follicle stimulating hormone; LH, luteinizing hormone; ICSH, 
interstitial cell stimulating hormone; GnRH, gonadotropin releasing 
hormone.
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10.2
Male Reproductive 

System

FUNCTIONAL ANATOMY

The male reproductive system consists of the testes, the acces-
sory glands, viz. prostate and seminal vesicles, and a system 
of tubes which carries the products of all these structures out-
side the body (Fig. 10.2.1). The testes are made up of long, 
thin coiled tubes called seminiferous tubules. The male gam-
etes (spermatozoa) are formed in these tubules: the process is 
called spermatogenesis. Bet ween the seminiferous tubules are 
interstitial cells or Leydig cells (Fig. 10.2.2). Interstitial cells 
secrete testo sterone. Seminiferous tubules are open at both 
ends. Both ends of each seminiferous tubule open into the 
epidi dymis, also a long coiled tube. The epididymis opens into 
the vas deferens. At the distal end, the vas deferens dilates to 
form the ampulla and also receives the secretions of the semi-
nal vesicles, and continues as the ejaculatory duct. The ejacula-
tory duct joins the prostatic urethra. The subsequent path of the 
products of the genital tract is the same as that of the urine. The 
prostate and urethral glands also contribute to the semen.

SPERMATOGENESIS
Spermatogenesis means the formation of male gametes, called 
spermatozoa, or simply sperms. Formation of mature sperms 

Fig. 10.2.1: The male reproductive system

capable of fertilizing an ovum is a long process which is com-
pleted only in the female genital tract. But the essential steps of 
spermatogenesis are completed in the testes.
 The precursors of sperms are the cells called spermato-
gonia, which line the outer border of seminiferous tubules. 
Spermatogonia have a high capacity for cell division. They 
divide repeatedly, and some of the daughter cells are slightly 
differentiated, and migrate centrally in the seminiferous tubule. 
These cells cross the barrier formed by junctions between 
adjacent Sertoli cells, and rest in the pockets formed by cyto-
plasmic processes of Sertoli cells. Here the spermatogonia dif-
ferentiate into primary spermatocytes. Primary spermatocytes 
undergo meiosis. The fi rst meiotic division gives rise to sec-
ondary spermatocytes. The second meiotic division gives rise 
to spermatids. Meiotic division reduces the number of chromo-
somes to half. Hence each spermatid has only 23 chromo somes. 
Spermatids migrate to occupy pockets between cytoplasmic 
processes of Sertoli cells towards the lumen of the seminifer-
ous tubules (Fig. 10.2.3). Here the spermatids undergo further 
maturation to form sper matozoa.
 A sperm consists of a head and a tail (Fig. 10.2.4). The head 
consists essentially of the nucleus and the acrosome. The acro-
some contains proteolytic enzymes and hyaluro nidase. These 
enzymes help the sperm clear its way towards the ovum while 
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Fig. 10.2.2: Histology of the testis

Fig. 10.2.3: Diagrammatic repre sen tation 
of spermato genesis

Fig. 10.2.4: Simplifi ed structure of a sperm

travelling in the female genital tract. The tail resembles cilia in 
its structure and function. It is responsible for the swimming-
like movement of the sperm in the female genital tract. The 
energy for movement comes from ATP. ATP is generated by the 
sperm in a proximal segment of the tail.

Sertoli Cells
As described above, Sertoli cells nest the developing sperms. 
But their function is much more than providing mechani-
cal support. Junction between adjacent Sertoli cells forms a 
barrier (blood-testis barrier) which does not allow harmful 
substances to enter the area where spermatogenesis is going 
on (Fig. 10.2.5). Further, since blood vessels do not enter the 
seminiferous tubules, nutrition to the developing sperms is also 
conducted by Sertoli cells. Sertoli cells also synthe size inhibin 
and androgen binding protein (ABP) which have a role in regu-
lation of spermatogenesis.

Hormonal Regulation of Spermatogenesis
The principal hormone directly affecting spermatogenesis is 
testosterone. Testosterone is synthesized by Leydig cells. 
It does not have to reach seminiferous tubules by the blood-
stream. First, it diffuses into the seminiferous tubules where 
it affects spermatogenesis. Secondly, Sertoli cells secrete ABP 

Fig. 10.2.5: Blood-testis barrier

which binds testosterone and helps in increasing its concentra-
tion in the seminiferous tubules. As a result of the geographi-
cal closeness of seminiferous tubules to the site of synthe-
sis of testosterone and trapp ing of testosterone by ABP, the 
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concentration of testo sterone achieved in the seminiferous 
tubules is much higher than in the bloodstream. Testosterone 
stimulates spermatogenesis.
 Testosterone secretion is itself subject to feedback regula-
tion by pituitary and hypothalamic hormones. The more impor-
tant feedback effect of testosterone is on the hypothalamus. 
Testosterone inhibits the secretion of GnRH from the hypoth-
alamus. Reduced secretion of GnRH reduces FSH and LH 
secretion from the pituitary. Testosterone also has a direct weak 
inhibitory effect on LH secretion from the pituitary. Reduced 
LH secretion reduces testoterone secretion by Leydig cells and 
thereby depresses spermatogenesis. Reduced FSH secretion 
inhibits ABP secretion by Sertoli cells. That reduces the ability 
of seminiferous tubules to trap testosterone. Reduced concen-
tration of testosterone in the seminiferous tubule also depresses 
spermatogenesis.
 Another hormonal mechanism for regulation of sperma-
togenesis involves inhibin, a hormone secreted by Sertoli 
cells. Increased spermatogenesis leads to secretion of inhibin 
by Sertoli cells. Inhibin inhibits FSH secretion from the ante-
rior pituitary. Reduced FSH secretion reduces ABP secretion 
by Sertoli cells and eventually depresses spermatogenesis as 
discussed above.
 The above discussion may give an impression as if regu-
latory mechanisms have been designed to depress sperma-
togenesis. But one should remember that reduced testosterone 
secretion or reduced spermatogenesis act by the same mecha-
nisms to increase spermatogenesis. Thus the mechanisms can 
work in both directions and are designed to regulate the level 
of spermatogenesis. The mechanisms involved in hormo-
nal regulation of sper mato genesis have been summarized in 
Figure 10.2.6.

SEMEN
Semen is the fl uid deposited by the male in the female genital 
tract. It is the vehicle for carrying sperms to the female genital 
tract so that one of them can unite with an ovum, if it is avail-
able. But the semen is much more than a vehicle: it has several 
components which are indispen sable for the union of the sperm 
and ovum.
 When sperms are shed into the seminiferous tubules, they 
are still not capable of movement. To these freshly formed 
sperms is added a fl uid secreted by Sertoli cells. Further, as 
the sperms move into the epididymis, fl uid secreted by the 
epididymis is also added. These fl uids contain nutrients for 
the sperms and also substances for maturation of sperms. After 
staying in the epididymis for about one day, the sperms acquire 
the capacity to move.1 From the epididymis, the sperms move 
into the vas deferens. Vas deferens is the principal site for stor-
age of spermatozoa. The sperms remain viable for at least one 
month in the male genital tract.
 The spermatozoa, along with the fl uid in which they are 
suspended in the vas deferens, form only about 10% of the 
volume of the ejaculated semen. The other contributions come 
mainly from the seminal vesicles and the prostate gland.

Functions of Seminal Vesicles
Seminal vesicles secrete a fl uid which forms about 60% of the 
volume of semen. Besides contributing to volume, the semi-
nal vesicle fl uid contains several substances of great functional 
importance. It contains fructose, vitamin C and several other 
nutrients for use by the sperms. It contains fi brinogen which 
helps the coagulation of the semen after ejaculation. It contains 
prostaglandins which act on the female genital tract in such a 
way as to facilitate movement of sperms towards the ovum. 
When the semen is ejaculated, seminal fl uid is ejaculated last 
which helps wash out sperms from the vas deferens and ure-
thra. The mucoid nature of the seminal vesicle fl uid is responsi-
ble for the stickiness of semen.

Functions of the Prostate Gland
Besides forming about 25% of the volume of the semen, the 
secretions of the prostate gland also have substances of great 
functional importance. The prostatic fl uid contains enzymes for 
coagulation and also for dissolving the clot. Being alkaline in 
nature, it neutralizes the acidity of the rest of the semen and 
also the acidity of the fl uids in the female genital tract. This 
neutralization is one of the factors which makes it possible for 
sperms to exhibit their motility in the female genital tract. The 
secretion of the prostate is responsible for the milky colour of 
the semen.

1 They acquire the capacity for movement but do not actually move. Several substances present in the male genital tract inhibit sperm motility. The 
motility is exhibited only after the semen has been ejaculated.

Fig. 10.2.6: Regulation of spermatogenesis. GnRH, gonadotropin 
releasing hormone; FSH, follicle stimulating hormone; LH, luteinizing 
hormone; ABP, androgen binding protein; SP, precursors of 
spermatozoa; SC, Sertoli cell; LC, Leydig cell
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Characteristics of Semen
Semen ejaculated at a time is 2-6 mL in volume and contains 
about 100 million sperms/mL. These sperms represent the 
product of about 2 days of testicular activity. Therefore, exces-
sive frequency of ejaculation leads to a fall in the sperm count. 
Normally, sperms with abnormal morphology are less than 
20% and the sperm count is more than 40 million/mL.

Deposition of Semen in the Female Genital Tract
Semen is deposited in the female genital tract during sexual 
intercourse. Psychic sexual stimuli or physical stimulation 
of male genitalia (generally a combination of both) leads to 
sexual arousal of the male. The fi rst and most prominent sign 
of the arousal is erection of the penis. Erection is mediated 
by parasympathetic nerves arising from segments S2-S4 of 
the spinal cord. Activation of these nerve fi bres leads to nitric 
oxide mediated dilatation of blood vessels in the erectile tissue 
of the penis. Dilatation of these blood vessels leads to erec-
tion of the penis. Introduction of the erect penis into the vagina 
provides further tactile stimulation of the glans penis, the most 
sensitive part of the penis. Stimulation of the glans penis leads 
to a sympathetic refl ex involving segments L1-L2 of the spinal 
cord and consisting of two components which follow each 
other in quick succession. The fi rst component is emission. 
Emission consists of contraction of the vas deferens, and then 
contraction of the musculature of the prostate gland, and then 
fi nally contraction of the seminal vesicles. Secretions from all 
these regions mix in the internal urethra and form the semen. 
The second component is ejaculation. Ejaculation consists of 
expulsion of semen from the urethra. Since the penis is in the 
vagina during the sexual intercourse, ejaculation deposits the 
semen in the vagina.

Fate of Semen in the Female Genital Tract
Soon after the semen enters the vagina, the clotting enzymes 
of the prostatic fl uid and fi brinogen of the seminal vesicle fl uid 
react to form a weak clot. While the sperms are trapped in the 
clot, they get exposed to vaginal secretions. Vaginal secre-
tions improve the motility and fertilizing ability of sperms. 
The clot dissolves after 15-30 minutes. Further exposure 
to secretions of the female genital tract further improves the 
mobility and fertilizing ability of the sperms. The benefi cial 
effects of stay in the female genital tract are collectively called 
capacitation. Capacitation is absolutely essential for fertili-
zation in some species, but whether it is so in humans is not 
certain. Capacitation needs at least one hour but may take up 
to 6 hours. Sperms which have undergone capacitation release 
some hydrolytic enzymes from the acrosome. As a result, these 
sperms are able to clear their path and swim easily towards 
the ovum. First the sperms have to pass through the granulosa 
cells surrounding the ovum. Then they have to pass through the 
zona pellucida, the thick membranous covering of the ovum. 
Then the sperm membrane fuses with the cell membrane of the 
ovum, and genetic material from the sperm enters the ovum. 
This fi nal fusion of sperm and ovum is called fertili zation. 
Only one sperm participates in fertilization although several 
approach the ovum and 20-30 sperms may even reach the zona 
pellucida.

FUNCTIONS OF TESTOSTERONE

As mentioned earlier, testosterone is the principal male sex 
hormone, or androgen. It is secreted mainly by the testes but 
small quantities are also produced by the adrenal cortex. The 
role of testosterone in spermato genesis has already been dis-
cussed in detail. Here all the functions of testosterone have 
been summarized.

Role before Birth
Testosterone is produced from the seventh week of embryonic 
life onwards. During fetal life it is responsible for the develop-
ment of male external genitalia, seminal vesicles and prostate. 
Testosterone also has a role in descent of the testes into the 
scrotum. Testosterone conti nues to be produced in signifi cant 
amounts till about 10 weeks after birth. After that, the produc-
tion declines to negligible levels till puberty.

Secondary Sex Characteristics
At puberty there is a sudden increase in testosterone secretion 
which leads to the development of male secon dary sex char-
acteristics in boys. These include behavioral changes such 
as increased interest in girls and aggressive ness, a change in 
voice, and structural changes such as increased hairiness, spe-
cially in the beard and moustache area, pubis and chest, reces-
sion of hairline on the scalp, muscular growth, gain in height 
and increase in secretion of sebaceous glands of the skin lead-
ing to acne.

Role in Spermatogenesis
Testosterone stimulates spermatogenesis. In the absence of tes-
tosterone, spermatogenesis cannot proceed beyond the sperma-
tid stage. Details of the hormonal regulation of spermatogen-
esis have been already discussed.

Anabolic Effect
Testosterone stimulates protein synthesis. This effect is respon-
sible for the increase in growth. However, while stimulating 
bone growth, testosterone also accelerates the fusion of epi-
physes of long bones. Therefore after a brief growth spurt, fur-
ther increase in height becomes impossible.

Mechanism of Action of Testosterone
Like other steroid hormones, testosterone has an intracellular 
receptor. The androgen receptor protein is localized mainly in 
the nucleus. After testosterone binds to its receptor, the DNA-
binding domain of the receptor binds to the androgen response 
elements in the promotor region of target genes. This leads 
to enhanced expression of the target genes. The proteins so 
expressed mediate the actions of testosterone.
 Some of the actions of testosterone are mediated by 
testosterone itself while others are mediated by its reduced 
derivative, dihydrotestosterone (DHT). It seems the receptor 
protein for DHT is the same as for testo sterone. In target tis-
sues where androgen action is mediated by DHT, the receptor 
has much greater affi nity for DHT than for testosterone. That 
is why, in these tissues, testosterone is much less potent than 
DHT.
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 The actions of testosterone which are mediated by testo-
sterone itself include the stimulation of spermato genesis, the 
differentiation of Wolffi an ducts into the male genital tract, 
and the regulation of gonadotropin secretion by negative feed-
back to the hypothalamo-pituitary axis. The actions mediated 
by DHT include the differentiation of external genitalia during 
embryogenesis, and the appearance of secondary sexual char-
acteristics at puberty.

MALE REPRODUCTIVE FUNCTION IN OLD AGE
There is no sharp decline in reproductive function with age 
in males comparable to the menopause in females. But there 
is a steady and gradual decline, particularly noticeable in 
men above 40 years of age. The decline is characterized by a 
decrease in plasma testosterone level, androgen/estrogen ratio, 
and sperm production; and an increase in sex hormone bind-
ing globulin (SHBG), LH and FSH levels. The high levels 
of gonadotropins may keep the testicular weight constant or 
even above that in young age, thereby creating an illusion of 
hypersexuality. What is the consequence of high SHBG, and 
why are LH and FSH levels high?2 However, in spite of these 
mea surable changes, healthy men may remain sexually active 
and retain the capacity to reproduce even at age 80. The fact 
that most elderly men, even healthy ones, seem to lose these 
‘abilities’ is probably due to social, cultural and environmental 
factors. In Indian culture, a male sexually active after age 50 
feels embarrassed, probably because life engrossed in house-
hold affairs (grihastha ashram) is expected to end at 50, giving 
way to a spiritually oriented life. Some religions consider sex, 
not aimed at reproduction, to be sinful. Reproduction at an 
advanced age is inconvenient for the human species because 
of the long period required for child-rearing. As a corollary, 
a man keen on adhering to his religion avoids sex after a cer-
tain age to escape sin. Finally, all religions, moral codes, and 
spiritually oriented disciplines such as yoga, attach great value 
to sexual abstinence (and abstinence from other sensory pleas-
ures) because enlightened abstinence promotes detachment, 
and detachment favours spiritual growth. Thus the fact that 
decline in sexual activity in elderly males does not have a clear 
physiological or endocrine basis neither makes it undesirable 
nor an ignorant or outdated practice.

CLINICAL ASSESSMENT OF MALE 
REPRODUCTIVE FUNCTION

Besides history and physical examination, many biochemical 
measurements may be performed to evaluate male reproduc-
tive function. At testicular level, function may be assessed by 
measuring testosterone levels: free, and protein-bound. The sex 
hormone binding globulin (SHBG) level may be measured for 
further clarifi cation in case of abnormal testosterone levels. 
The impact of testicular dysfunction on hypothalamo-pituitary 
axis (HPA), and primary disorders of the HPA may be evalu-
ated by measuring LH and FSH levels, and the LH response to 
exogenous LHRH administration.
 Physiologically, the most common investigation performed 
is semen analysis. A masturbation sample of semen is obtained, 
and examined for sperm morphology, motility and count. 
Normally, the volume of an ejaculate is 2-6 mL. If analysed 
within an hour of ejaculation, more than 60% of the sperms 
should be normal in morphology, more than 60% of the sperms 
should be motile, and sperm number in the ejaculate should be 
more than 60 million (more than 20 million/mL).

QUESTION AND PROBLEM
1. Why is spermatogenesis markedly reduced in undescended 

testes?

ANSWER AND SOLUTION
1. It is generally believed that optimum spermatogenesis 

requires a temperature about 3°C below the core body tem-
perature. This is generally possible if the testes descend 
into the scrotum. But undescended testes are exposed to 
the abdominal, or core body temperature (about 37°C). 
Therefore spermatogenesis is very poor or absent in such 
testes. In relation to this widely quoted hypothesis, there 
is an anecdote which Prof BK Anand is very fond of nar-
rating. He once asked in a Mughlai restaurant a cook who 
spent most of his day sitting near the fi re with his testicles 
pretty close to the ‘tandoor’ how many children he had. 
After learning that he had six children, Prof Anand lost his 
faith in this hypothesis.

2 High SHBG level reduces the level of free testosterone, further reducing the functionally effective testosterone level. LH and FSH are high because of 
their negative feedback relationship with testosterone level. Decrease in testosterone level leads to an increase in gonadotropin secretion.
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10.3
Reproductive Physiology 

of the Non-pregnant 
Female

FUNCTIONAL ANATOMY

The female gonads are a pair of ovaries in the abdominal cavity 
(Fig. 10.3.1). The gamete (ovum) discharged from an ovary 
is generally captured by a funnel-shaped structure, the fi m-
briated end of the Fallopian tube. The ovum is transported in 
the Fallopian tube towards the uterus. The uterus is the child-
bearing organ. The uterus opens into the vagina, which in turn 
opens towards the exterior.
 The ovary is covered by a single layer of somewhat fl at-
tened cuboidal epithelium. In the stroma of the ovary are 
embedded a large number of immature ova (primary oocytes). 
Each primary oocyte is surrounded by several stromal cells, 
called granulosa cells. The primary oocyte together with the 
granulosa cells forms a primordial follicle. At birth, each 
ovary of a girl has about one million primordial follicles. Most 
of these fail to mature and are lost through atresia. A woman 
produces only one ovum every month during her reproductive 
period (approxi mately 15-50 years of age), which comes to 
about 400 ova in a life-time. No ovum is produced during preg-
nancy because the monthly ovarian cycle is suspended during 
pregnancy. The monthly cycle is commonly called the men-
strual cycle because it is accompanied by bleeding from the 
uterus (menstruation) for about 4 days in a month.

THE MENSTRUAL CYCLE
The menstrual cycle is due to the cyclic secretion of pituitary 
gonadotropins, which in turn imparts cyclicity to estrogen and 
progesterone secretion from the ovary. The cycle is accompa-
nied by ovarian as well as uterine changes. The cycle begins 
with puberty (at about age 10 years) but the fi rst menstruation 
(menarche) is generally a few years later (age 12-14 years).
 The average duration of the cycle is 28 days but the normal 
range is quite wide (20-45 days). The days are numbered in 
terms of menstrual bleeding, day 1 of the cycle being the fi rst 
day of menstrual bleeding. Ovulation takes place at about day 
14 of the cycle. If the cycle length is shorter or longer than 
28 days, the variation is generally in the period before ovu-
lation. That is, the interval between ovulation and end of the 
cycle is essentially constant at 14 days irrespective of cycle 
length.

 The biological rationale of the cycle is apparently based 
on the assumption that ovulation may be soon followed by fer-
tilization. The cycle ensures that the fertilized ovum will be 
received by a well-prepared uterus. If, however, fertilization 
does not take place, the preparations of the uterus are undone. 
In the process, the uterine wall breaks down and bleeds, result-
ing in menstruation. That is why menstrual bleeding has been 
considered ‘uterine tears’ shed to mourn the failure of the ovum 
to get fertilized.

Ovarian Cycle
The fi rst half, i.e. 14 days, of the cycle are occupied by devel-
opment of the follicles. That is why this phase is also called the 
follicular phase. During the fi rst week of the follicular phase, 
a few primordial follicles start developing. But by the end of 
one week, only one follicle continues to develop further, while 
the remaining follicles become smaller and disappear, i.e. 
undergo atresia. The follicle that continues to develop fi nally 
has a cavity fi lled with follicular fl uid. On one side is the ovum 
surrounded by granulosa cells. The granulosa cells are fur-
ther sur rounded by two layers of theca cells: theca interna and 
theca externa (Fig. 10.3.2). On day 14 of the cycle, the follicle 
ruptures, the ovum together with a few surround ing granulosa 
cells is shed into the abdominal cavity, and the remaining fol-
licle forms the corpus hemorrhagicum in the ovary. The proc-
ess of the ovum being discharged from the follicle is called 
ovulation.

Fig. 10.3.1: The female reproductive system
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 The early growth of follicles is due to the action of FSH 
secreted by the anterior pituitary. After that, the granulosa 
cells and theca cells of the follicle start secreting estrogen. 
Estrogen increases the number of FSH receptors on granulosa 
cells, which in turn leads to release of more estrogen, resulting 
in a positive feedback loop. Further, the combined action of 
FSH and estrogen leads to the expression of LH receptors on 
granulosa and theca cells. Availability of LH receptors leads to 
progesterone secretion towards the end of the follicular phase. 
Further, a fi nely programmed positive feedback mechanism 
leads to a sharp increase in LH secretion about 6 hours before 
ovulation. The LH surge seems to be essential for ovulation. 
There is also a smaller surge in FSH secretion at the same time 
as the LH surge.
 The second half of the ovarian cycle is called the luteal 
phase because it is associated with the development of the 
corpus luteum. Corpus luteum develops from the granulosa 
cells and theca cells still remaining in corpus hemorrhagicum 
under the infl uence of the luteinizing hormone (LH). Luteal 
cells synthesize both estrogen and progesterone. If the ovum is 
fertilized, the corpus luteum persists for about 3 months. If the 
ovum is not fertilized, the corpus luteum starts degenerating 
around day 24 of the cycle. After degeneration, what remains 
of the corpus luteum is called corpus albicans. Degeneration 
of the corpus luteum is due to the declining level of LH and 
increase in the secretion of inhibin by the luteal cells them-
selves. Inhibin reduces pituitary gonadotropin secre tion, spe-
cially the secretion of FSH, but also that of LH.

Uterine Cycle
As seen above, towards the end of the menstrual cycle, the 
corpus luteum degenerates to form the corpus albicans. The 
degenerated corpus luteum cannot synthe size much estrogen 
and progesterone. Withdrawal of these hormones leads to 
breakdown of the uterine wall and bleeding, resulting in men-
struation. Conventionally, the onset of bleeding is considered 
to be the beginning of the menstrual cycle. Bleeding continues 
for about 4 days. By day 5, the ovarian follicle is suffi ciently 
developed to secrete considerable quantities of estrogen. Under 

the infl uence of estrogen, the uterine wall not only starts get-
ting repaired but the endometrial thickness also starts increas-
ing. During menstruation, all superfi cial uterine epithelium is 
shed. Under the infl uence of estrogen, the surface epithelium 
is restored. In addition, estrogen also leads to proliferation 
of stromal cells of the endometrium and enlargement of the 
endometrial glands. The result is that by day 14 of the cycle, 
the endometrium is about 3-4 mm thick and has well-devel-
oped glands and blood vessels and an intact epithelium. Since 
the follicular phase of the menstrual cycle is characterized by 
proliferative changes in the uterine endometrium, it is also 
called the proliferative phase.
 After ovulation (around day 14 of the cycle), the ovarian 
follicle is transformed into the corpus luteum. Corpus luteum 
secretes both estrogen and progesterone. While the action of 
estrogen on the endometrium continues, progesterone accel-
erates further development of the endometrium. The stromal 
cells acquire lipid and glycogen deposits. The glands and 
blood vessels enlarge further and become tortuous. The glands 
start secreting. The endometrium grows thicker, reaching its 
maximum (about 6 mm) around day 21 of the cycle. All these 
chan ges are designed to welcome the fertilized ovum. The 
secretions of the uterus provide nutrition to the embryo till it 
implants. After implantation nutrition is provided by the lipid 
and glycogen deposits in stromal cells. The enlarged blood ves-
sels bring more blood to the uterus to meet its enhanced meta-
bolic needs. Their tortuosity ensures that they can stretch as 
the uterine wall thickens further during pregnancy. But if the 
pregnancy does not take place, the corpus luteum involutes and 
estrogen and progesterone are withdrawn.
 Withdrawal of hormones takes away the support which led 
to the increase in thickness and growth of glands and blood 
vessels in the endometrium. As a result, the endometrium 
becomes thinner. The blood vessels cons trict, reducing blood 
fl ow to the endometrium. Super fi cial layers of the endometrium 
die for want of nutritional support leading to desquamation. 
Breakdown of tissue includes injury to blood vessels, leading 
to extravasation of blood. The cellular debris and blood are lost 
as menstrual fl ow.

Fig. 10.3.2: Stages in the life of a Graafi an follicle.
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Hormonal Regulation of the Menstrual Cycle
Menstrual cycle involves the interplay of ovarian, pituitary and 
hypothalamic hormones.
 At the beginning of the cycle, the estrogen level is very low 
and progesterone level is negligible. Therefore, the pituitary 
and hypothalamus are free from the negative feedback effect of 
estrogen and progesterone. Hence the hypothalamus secretes 
GnRH and the anterior pituitary secretes FSH and some LH. 
FSH stimulates follicular development. Ovarian follicles 
secrete estrogen. Estrogen tends to suppress FSH secretion, but 
progressive follicular development ensures a rise in estrogen 
level. Around day 11 of the cycle, the estrogen level crosses 
a certain threshold. Above this threshold level, estrogen has a 
positive feedback effect on LH secretion, and to some extent 
also on FSH secretion. This leads to LH and FSH surge. The 
LH surge is essential for ovulation. After ovulation has taken 
place on day 14, the corpus luteum starts developing under the 
infl uence of LH. Corpus luteum secretes estrogen, progester-
one and inhibin. The combined effect of these hormones is to 
suppress the secretion of FSH and LH by negative feedback 
effect on the anterior pituitary, and to a lesser extent also on the 
hypothalamic GnRH secretion. Absence of support from FSH 
and LH leads to regression of the corpus luteum. Regression 
of the corpus luteum leads to a sharp decline in estrogen and 
progesterone levels. Withdrawal of support from estrogen and 
progesterone leads to menstrual bleeding. Thus one cycle ends 
and the next cycle begins (Fig. 10.3.3).

OVARIAN HORMONES
The principal ovarian hormones are estrogen and pro-
gesterone, and their action on the uterus has been dis-
cussed above in relation to the menstrual cycle. During 
pregnancy, these hormones are also secreted by
the placenta and have other functions. In addition, they have 
other actions also in the non-pregnant as well as pregnant 
female, some of which have been summarized below.

Estrogen
The most important estrogen in the human female is beta-estra-
diol. Its actions have been summarized below:
1. Estrogen is responsible for secondary sex characters of the 

female which appear after puberty. These include enlarge-
ment of the breasts; deposition of fat, specially in the but-
tocks and thighs; and growth of pubic hair with fl attened top 
pattern.

2. Estrogens increase the size of the uterus by increasing the 
stromal cells, glands and muscle. These changes form a part 
of the proliferative phase of the menstrual cycle. They also 
increase blood fl ow through the uterus and increase the con-
tractility of the uterus.

3. Estrogens increase the size of the vagina and external geni-
talia. In the vagina, they also change the epithelium from 
cuboidal to stratifi ed squamous, which is more resistant to 
trauma and infection.

4. Estrogens induce the growth of stromal tissue and ducts in 
the breast, and also lead to deposition of fat in the breast. 

Thus the breasts become larger and more mature, but estro-
gens cannot induce secretion of milk.

5. Estrogens induce growth, including bone growth, and are 
thus responsible for the growth spurt during puberty. But 
they also hasten union of epiphyses with shafts of the long 
bones. This action of estrogens is even stronger than that of 
androgens. Therefore growth is arrested earlier in females 
than in males. That is why females are generally shorter 
than males.

6. Estrogens have a weak aldosterone-like action. This action 
may become signifi cant during pregnancy, leading to water 
and sodium retention.

7. Estrogens act on the brain to infl uence behavior, parti cularly 
to stimulate libido.

Progesterone
The actions of progesterone have been summarized below:
1. Progesterone leads to thickening of the endometrium and 

glandular development. These changes form a part of 
the secretory phase of the menstrual cycle. Progesterone 
reduces contractility of the uterus. It also reduces the sensi-
tivity of the uterine musculature to oxytocin. These effects 
prevent expulsion of the embryo during pregnancy.

2. Progesterone leads to development of lobules and alveoli 
in the breast. Although some secretory changes in the alve-

Fig. 10.3.3: The menstrual cycle. M, menstruation
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oli are induced by progesterone, actual secretion of milk 
cannot occur without further action of prolactin.

Relaxin
Relaxin is a peptide hormone secreted by the corpus luteum. 
It relaxes the pubic symphysis and other pelvic joints. It also 
softens and dilates the cervix. These actions facilitate delivery 
of the fetus.

Other Hormones
Besides relaxin, there are several other peptide hormones 
secreted by the ovary, the functional signifi cance of which 
is still not fully clear. One group, the inhibins, inhibit FSH 
release, while another, the activins, stimulate FSH release. 
Inhibins and activins are part of a large family of peptides to 
which also belong transforming growth factor-beta (TGF-
) and antimullerian hormones. In view of this, it is not sur-
prising that newer roles being discovered for inhibins and 
activins indicate that they may be partici pants in growth and 
differentiation.
 Besides inhibins and activins, ovaries also secrete a peptide 
which seems to prevent a premature LH surge during the fol-
licular phase. The peptide has been appropriately named gona-
dotropin surge attenuating factor (GnSAF).

MENOPAUSE
Menopause is the decline in sexual function of women as 
a result of aging. After the age of about 45, mens truation 
becomes irregular, and then stops completely by the age of 55 
years. There may also be other manifestations, some of which 
can be quite unpleasant. There may be fl ashes of warmth radi-
ating from the trunk towards the face. There may be psycho-
logical symptoms such an anxiety, tiredness, mood swings 
and irritability. Reduced bone density is almost universal and 
may become severe enough to make minor trauma lead to 
fractures.

Mechanism
Menopause is due to a decrease in the number of primor dial 
follicles in the ovary. After the age of about 45, there are very 
few follicles left which respond to pituitary gonado tropins. 
Hence the secretion of estrogen and pro ges  terone falls, and 
fi nally stops altogether. The main source of estrogens then is 
adipose tissue where some adrenal androgens are converted 
into estrogens. In the absence of ovarian hormones, the nega-
tive feedback on the pituitary is removed. Therefore FSH and 
LH rise to high levels.

Treatment
If the symptoms are troublesome, estrogens may be given. The 
dose of estrogens may be reduced gradually to achieve a slow 
withdrawal. The woman should be reas sured and family mem-
bers counselled so that she does not feel unloved or unwanted. 
Fractures may be preven ted by giving adequate dietary calcium 
and vitamin D.

ASSESSMENT OF FEMALE REPRODUCTIVE 
FUNCTION

Besides history and physical examination, female reproductive 
function may be assessed from biochemical indicators such as 
estrogen, progesterone and gonado tropin levels. Adequacy of 
estrogen production may be assessed from the character of the 
cervical mucus at mid-cycle when estrogen level is at its peak. 
The mucus should be clear, form a long unbroken thread (about 
10 cm) upon stretching, and a fern-like pattern when spread 
on a glass slide. Another functional test is progesterone with-
drawal test. Progesterone is administered for a few days and 
then withdrawn. Stopping the progesterone should normally 
lead to bleeding.
 In case pregnancy is suspected, and needs to be confi rmed, 
pregnancy tests should be done: these have been discussed in 
the next chapter.

QUESTIONS AND PROBLEMS
1. How may menstrual bleeding be postponed?
2. How can you establish a cycle in a woman with amenor-

rhoea (no menstruation)?
3. Why does the menstrual blood not clot?
4. Why is there no menstruation during pregnancy?
5. Can menstruation and ovulation be separated from each 

other?
6. During menstruation, the protective epithelial lining of the 

uterus breaks down, and blood, which is a good medium for 
growth of bacteria, is available. Still, uterine infection as a 
result of menstruation is very rare. Why?

7. Is there any scientifi c basis for considering women ‘unclean’ 
during the menstrual period?

ANSWERS AND SOLUTIONS
1. Sometimes women wish to postpone the menstrual bleed-

ing for a few days to participate in some competitive sports, 
religious functions, etc. Progesterone or progesterone-like 
drugs can be started 3-4 days before the expected date. No 
bleeding will occur as long as progesterone is continued; 
normal withdrawal bleeding would occur after it is stopped.

2. If a woman has amenorrhoea, and is neither pregnant nor 
lactating, we can usually establish fairly normal cycles by 
giving oestrogen for 14 days followed by progesterone for 
the next 14. Withdrawal bleeding occurs a couple of days 
later. Perhaps it is more physiological to give estrogen for 
25 days, adding progesterone from day 15 to 25.

3. Menstrual blood normally does not clot because of the pres-
ence of fi brinolysin derived from endometrial tissues.

4. One can argue back and reach the answer: No menstrual 
bleeding  progesterone must not be withdrawn  corpus 
luteum must not atrophy  LH level must not fall. This 
is exactly what the fertilised ovum ensures. It produces its 
own LH in the form of Human Chorionic Gonadotropin 
(HCG). In the mother, HCG keeps the corpus luteum alive 
and active.
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5. Yes, one can occur without the other. In anovulatory cycles, 
common particularly in adolescents and near menopause, 
the graafi an follicle grows for some time but then regresses 
without any rupture or ovulation. There is naturally no 
corpus luteum or progesterone, but some oestrogen with-
drawal bleeding does occur. On the other hand, ovulation 
can be induced in a woman having amenorrhoea by giving 
FSH and LH; if pregnancy occurs, the amenorrhoea would 
continue.

6. During the secretory phase, the endometrium shows leu-
cocytic infi ltration. Therefore, during menstruation a large 

number of leucocytes are also released. Leucocytes, being 
phagocytic in nature, possibly help in preventing infection. 
There may be other anti-infective substances also in the 
menstrual blood or tissue debris.

7. In most ancient cultures women were debarred from par-
ticipating in household work and many other activities dur-
ing the menstrual period. The custom still persists in many 
places. Was it a pretext for giving them some well-deserved 
rest? All attempts to identify any specifi c ‘menotoxins’ have 
failed so far. Several bio-active substances such as prostag-
landins may, of course, be present in the menstrual outfl ow.

10.3.indd   49710.3.indd   497 8/25/2010   10:52:25 AM8/25/2010   10:52:25 AM



10.4
Physiology of Pregnancy 

and Lactation

PREGNANCY

Pregnancy is the process whereby the life of a baby begins in 
the mother’s womb and progresses up to the stage when it is 
safe to expose the baby to the outside world. The process takes 
a little more than nine months, and needs coordinated activity 
of all parts of the baby and the mother for its success. A few 
major events of preg nancy will be described here with special 
attention to endocrine changes.

Fertilization
Fertilization is the union of the ovum and the sperm. After 
the ovum is shed from the ovary (ovulation), the ovum moves 
towards the Fallopian tube. In spite of the several places where 
the ovum could possibly wander in the abdo minal cavity, 
almost all ova actually enter the Fallo pian tube. The ciliary 
motion on the inner surface of the fi mbriated ends of fallopian 
tubes possibly aids this outcome. If sperms are introduced into 
the vagina around the same time as ovulation, fertilization may 
take place. Out of the millions of spermatozoa present in one 
ejacu late, only about a hundred reach the ovum in the Fallo-
pian tube. Even that is a miracle considering how long the jour-
ney is for the tiny sperm. The movement of sperms towards the 
ovum is facilitated by a chemo attrac tant substance secreted by 
the ovum, and also hormonal factors (oxytocin and prostaglan-
dins) which set up pro pul sive waves of contraction in the uterus 
and Fallopian tubes. When a sperm comes in contact with the 
surroundings of the ovum (zona pellucida), it releases hydro-
lytic enzymes from the acrosome (acrosomal reaction). The 
enzymes aid the penetration of the sperm into the ovum. Once 
a sperm has entered an ovum, there are mechanisms, not fully 
understood, which prevent the entry of any other sperm. Then 
the nucleus of the ovum and the nucleus of the sperm fuse to 
form a single nucleus. After the fusion, the ovum becomes the 
zygote. Zygote is the beginning of the baby. In human beings, 
the nucleus of the ovum has 23 chromosomes and the nucleus 
of the sperm also has 23 chromosomes. Thus the zygote has 23 
pairs of chromosomes. The sex of the baby which the zygote 
will form is also determined at this stage (Table 10.4.1). The 

zygote undergoes repeated cell division. After cell division, it 
is called the embryo.

Implantation
Implantation is the process by which the embryo sticks to 
the uterus. The embryo takes about 3 days to travel through 
the Fallopian tube to reach the uterus. It takes another 3 
days to get implanted, usually in the dorsal wall of the 
uterus. Thus the embryo is about 1 week old when it gets 
implanted.
 Let us see how implantation takes place. When the embryo 
comes close to the wall of the uterus, the embryo nic cells in 
contact with the uterus, called trophoblastic cells, proliferate 
and release enzymes which digest the endometrial (decidual) 
cells.1 As a result, the embryo sinks a little in the wall of the 
uterus, and gets attached (implanted) there.
 This deceptively simple account of implantation conceals 
a complex interplay between the embryo, endo metrium, uter-
ine stromal cells and the uterine vascular compartment. Under 
the infl uence of proges terone, the endometrium secretes a vari-
ety of cytokines which support embryo growth. The embryo 
in turn secretes substances which infl uence its own growth in 
an auto crine fashion, and also enhance endometrial receptivity. 
The stromal cells secrete cytokines which infl uence the vas-
cular compartment, increasing blood fl ow and angio genesis, 
and inhibiting excessive emigration of blood cells. In short, 
continuous and well-coordinated embryo-endometrial dialogue 
carried out through a host of chemical mediators (more than a 
dozen of which have been identifi ed) ensures that the embryo 
is adequately adhesive and invasive, and the endometrium is 
appro priately receptive, to achieve successful implantation. 

Table 10.4.1: Sex of the zygote

 Chromosome Composition of Sex

Ovum Sperm Zygote

22 + X 22 + X 44 + XX Female
22 + X 22 + Y 44 + XY Male

1 The endometrial cells of pregnancy are called decidual cells.
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Further, while implantation is going on, the embryo continues 
to grow and differentiate as well.
 The trophoblastic cells which are nearest the embryo and 
are still well organized are called the cytotrophoblast. The 
cytotrophoblastic cells which ‘fl oat’ along with deci dual cells 
in a ‘soup’ of digested cells are called the syncytiotrophoblast.

The Pregnant vs Non-pregnant Uterus
It was mentioned while discussing the menstrual cycle that 
after ovulation, the corpus luteum secretes proges terone and 
estrogen, which prepare the uterus for preg nancy. However, if 
pregnancy does not occur, the corpus luteum regresses about 
one week after ovulation. But if pregnancy takes place, about 
one week after ovulation, the embryo gets implanted. At this 
stage, the syncytiotrophoblastic cells start releasing a hor-
mone, human chorionic gonadotropin (hCG). hCG has proper-
ties similar to LH and mediates its effects via the LH recep-
tors. Thus hCG stimulates the corpus luteum, and does not let 
it regress. The stimulated corpus luteum continues to secrete 
estrogen and progesterone. Estrogen and progesterone stimu-
late endometrial growth, vascularity, secretions and nutrient 
storage, thereby making the uterus a comfortable home for the 
embryo. After the 10th week of pregnancy, the corpus luteum 
starts becoming smaller, but continues to function throughout 
pregnancy. However, by the 6th week, i.e. before the corpus 
luteum function declines, the placenta starts producing hCG 
as well as estrogen and proges terone. Thus there are mecha-
nisms for keeping uterus hospitable for the baby throughout 
pregnancy.
 From the above account, the changing sources of nour-
ishment of the embryo from conception onwards can also be 
understood. The embryo receives its nutrition successively 
from:
a. The nutrients stored in the ovum
b. Secretions of the Fallopian tube
c. Secretions of the uterine endometrium
d. Digested decidual cells
 The decidual cells continue to supply nutrition to the 
embryo up to the age of 8 weeks but the placenta also starts 
supplying some nutrition after the age of 16 days.

The Placenta
As discussed above, the embryo, ovary and uterus together 
keep making some makeshift arrangement to maintain the 
uterus in a hospitable state and to continue the supply of nutri-
ents to the embryo. But as the embryo grows up to become the 
fetus2, these makeshift arrange ments are no longer adequate. In 
anticipation of this inadequacy, the embryo and uterus together 
start making the placenta so that it may take over these func-
tions. Although the placenta starts functioning at the age of 16 
days, it takes over all nutritional and endocrine functions only 
at the age of about 8 weeks.
 Placenta is a structure in which fetal blood vessels come 
in close contact with blood sinuses containing maternal blood. 

The surface area of contact is increased by the fetal vessels 
growing into folded structures called villi (Fig. 10.4.1).

Functions of the Placenta
The functions of the placenta may be described briefly as 
follows:
1. Supply of oxygen to the fetus Oxygen diffuses from 
the maternal blood to the fetal blood due to a pressure gradient 
of about 20 mmHg. Although the gradient is small, it is able 
to supply the fetal requirements because the oxyhemoglobin 
dissociation curve of fetal hemo globin (HbF) is shifted to the 
left as compared to that of adult hemoglobin (Fig. 10.4.2). 
As a result, HbF can carry more oxygen even at a low PO2. 
Secondly, the PCO2 in the fetal blood is high. As carbon diox-
ide diffuses from the fetal to maternal blood, it raises the PCO2 
of maternal blood and the PCO2 of fetal blood falls. Rise in 
PCO2 of maternal blood facilitates giving up of oxygen by the 
maternal blood (Bohr effect)3. On the other hand, fall in PCO2 
of fetal blood facilitates picking up more oxygen by the fetal 
blood (also Bohr effect). That is why this phenomenon is called 
double Bohr effect. Thus the placenta supplies oxygen to the 
fetus.

Test Tube Babies

The tube babies do not grow in test tubes: it is just that in 
their case fertilization and fi rst few cell divisions occur out-
side the body of the mother: in a laboratory. The process 
is called in vitro fertilization (IVF), which is invariably fol-
lowed by embryo transfer to the uterus, where the embryo 
implants and grows as in a natural pregnancy.
 The process starts with the administration of high doses 
of gonadotropins to the mother to stimulate the develop-
ment of multiple ovarian follicles. The ova are aspirated from 
ripe follicles and transferred to a suitable culture medium.
 Similarly, sperm are separated from the semen, and 
approximately 1 million sperm are added to each dish con-
taining an ovum. The ovum usually gets fertilized within a 
few hours, and reaches the 4 to 8 cell stage in a few days. 
The 4 to 8 cell embryo is transferred to the mother’s 
uterus, where it may get implanted and grow normally. 
Owing to various imponderables, only about one-third of 
embryo transfers result in pregnancy, and only about half of 
such pregnancies result in the birth of a live newborn.
 IVF is resorted to in cases of infertility, specially when the 
failure to conceive is due to a block in the fallopian tube. If 
the sperm count in the semen is low, IVF may still be suc-
cessful because a known number of sperm are introduced 
into the dish containing the ovum. If the mother has a uter-
ine abnormality which makes implantation impossible, a sur-
rogate mother may be used.

2 The embryo, even after repeated cell division, remains essentially a round structure till about 9 weeks of age (8 weeks after implantation). At that age, it 
acquires a shape: a distinct head and trunk, and the outline of major structures is ready. When that happens, it is called the fetus.
3 If you have forgotten what Bohr effect is, see Chapter 4.2.
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 As discussed above, hCG stimulates the corpus luteum to 
produce estrogens and progesterone.
 Estrogens are responsible for the enlargement of the uterus 
and breasts during pregnancy. Estrogens also relax the liga-
ments of the pubic symphysis so that the passage becomes 
easier for the fetus during delivery.
 Progesterone inhibits uterine contraction, thereby allowing 
pregnancy to continue. In addition, it has a trophic effect on 
the uterus right from the beginning of pregnancy, as discussed 
already. Further, progesterone also participates in preparing the 
breasts for lactation.
 Human chorionic somatomammotrophi (hCS) has a struc-
ture and actions resembling prolactin and growth hormone. 
Like prolactin, it promotes breast development for synthesis 
of milk. Because of this function, the hormone was previously 
called human placental lactogen (hPL). In addition, hCS also 
decreases glucose utilization in the mother, thereby increasing 
the maternal blood glucose level. This increases the amount of 
glucose that may diffuse to the fetal blood.
 Relaxin, as the name suggests, relaxes—it relaxes two tis-
sues—it relaxes the uterus (like progesterone) and also the 
pelvic ligaments (like estrogen).
 To summarize, the placenta performs for the fetus the func-
tions which are performed after birth by the lungs, gastroin-
testinal tract and kidneys. In addition, the placenta is also an 
endocrine organ.

Fetoplacental Unit
The placenta and fetus work together for the synthesis of some 
steroid hormones. Progesterone synthesized in the placenta is 
used by the fetal adrenal cortex to synthesize the glucocorti-
coids, cortisol and corti costerone. But the fetus also does some-
thing for the placenta. Pregnenolone, an intermediate in the 
synthesis of steroid hormones, is synthesized by the placenta 
and passed on to the fetus. Fetal adrenals convert pregneno-
lone into the androgens, dehydroepiandrosterone (DHEA) and 
16-hydroxy DHEA. DHEA and 16-hydroxy DHEA are sent 

Fig. 10.4.1: Diagrammatic representation of the placenta

Fig. 10.4.2: Oxygen dissociation curves for adult and fetal hemoglobin 
compared.

2. Removal of carbon dioxide from the fetus Carbon 
dioxide diffuses from the fetal blood to the maternal blood due 
to a pressure gradient of about 3 mmHg. This small gradient is 
able to remove carbon dioxide satisfactorily because it is much 
more soluble than oxygen.
3. Supply of nutrients to the fetus Glucose and other 
nutrients diffuse from the maternal blood to the fetal blood due 
to a concentration gradient. For glucose, the diffusion is carrier 
mediated (facilitated diffusion). This is valuable because glu-
cose is required in much larger amounts than other nutrients.
4. Removal of waste products from the fetus Waste 
products such as urea, uric acid and creatinine diffuse from the 
fetal blood to the maternal blood due to a concentration gradi-
ent. Then they are removed, along with similar waste products 
of the mother, by the mother’s kidneys.
5. Secretion of hormones Placenta secretes hCG, estro-
gens, progesterone, human chorionic somato mammo tropin 
(hCS) and relaxin.

10.4.indd   50010.4.indd   500 8/25/2010   10:52:16 AM8/25/2010   10:52:16 AM



C
H

A
PT

ER
 1

0
.4

: Ph
ysio

lo
g
y o

f Preg
n
an

cy an
d
 Lactatio

n

501

back to the placenta where they are converted into estradiol 
and estriol respectively. Thus the fetus contributes an important 
step in the synthesis of placental estrogens. This collaborative 
activity is referred to as fetoplacental unit (Fig. 10.4.3).

Pregnancy Tests
Laboratory tests for confi rming pregnancy depend on the pres-
ence of hCG in the urine of the pregnant woman about 10 days 
after fertilization. In other words, the test will be able to detect 
pregnancy as soon as the woman suspects it on the basis of 
missing the period. The biological tests for detection of hCG 
have now become obsolete, and have been replaced by immu-
nological tests. One of the methods uses latex particles coated 
with antibody to hCG. A drop of the woman’s urine is mixed 
with a drop of the anti-hCG coated latex particles on a slide. 
Agglutination indicates a positive test for pregnancy. A drop of 
water (instead fo urine) may be used as a control.

Parturition
The fetus grows, differentiates and matures in the uterus under 
the mother’s care. About 39 weeks after fertili zation, it reaches 
a stage when it can begin its extrauterine life. The process of 
delivery of the fetus is called parturition. What precipitates par-
turition is not fully understood, but two types of factors seem 
to be involved: mechanical and hormonal.
 The mechanical factors arise from the increase in the size 
of the fetus, increasing progressively the stretch on the uterus. 
Stretch of smooth muscle is itself a stimulus for contraction.
 The hormonal factors in pregnancy are primarily two-fold. 
First, near term the progesterone level falls. Since progester-
one inhibits uterine contraction, a fall in its level increases the 
excitability of the uterus. Secondly, as term approaches, the 
number of oxytocin receptors in the uterus increases steeply. 
Hence the same level of oxytocin becomes more and more 
effective in inducing uterine contraction.
 There is growing evidence which suggests that the onset 
of parturition is not entirely due to maternal factors. Chemical 
signals originating in the fetus and fetal membranes act in a 
paracrine fashion to increase the production of prostaglandins 
near term. Prostaglandins seem to play an important role in 
parturition. In support of this hypothesis, exogenous admin-
istration of prostag landins leads to ripening, softening and 

dilation of the cervix, and contractions of the uterus. That is 
why pros taglandins are sometimes used clinically for inducing 
labour.
 The onset of labor is generally announced by a sudden 
increase in uterine contractions, which are somewhat painful. 
The frequency and strength of contractions and the pain associ-
ated with them increase as labor progresses. Simultaneously 
the cervix becomes softer and dilates progressively. Descent 
of the fetal head stretches the cervix. Now a positive feedback 
mechanism leads to delivery of the fetus (Fig. 10.4.4). Stretch 
of the cervix leads to contraction of the uterus. Contraction of 
the uterus pushes the head further down, stretching the cervix 
further. Hormonal factors add to this mechanical phenomenon. 
Stretching of the cervix releases oxytocin, which also induces 
uterine contraction. Voluntary contraction of the abdominal 
muscles by the mother also contributes to delivery of the fetus.
 After the delivery of the fetus, high oxytocin levels ensure 
contraction of the uterus to a fairly small size. This produces 
stress on the attachment of placenta to the uterine wall, leading 
to separation and eventual delivery of the placenta about 30 
min after delivery of the baby.
 Further decrease in the size of the uterus (involution) con-
tinues for 4-5 weeks after parturition. This is aided by breast 
feeding because every feed involves release of oxytocin, which 
in turn leads to uterine contraction.

LACTATION
Lactation is the process of secretion of milk. The mother’s milk 
can look after the nutritional needs of the baby completely for 
about 4 months, and partially for a year or more even after that 
(Chapter 7.10).
 The preparation for lactation begins long before it is 
required. Some development of the breast takes place at 
puberty. Further development occurs during pregnancy. The 
development involves the following components:
a. Proliferation of mammary ducts: this requires primarily 

estrogen, but also glucocorticoids (to mobilize amino acids), 
growth hormone (to mobilize glucose), insulin (to promote 

Fig. 10.4.3: The fetoplacental unit.

Fig. 10.4.4: The positive feedback mechanism involved in parturition.
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protein synthesis) and prolactin. During pregnancy, prol-
actin is further supplemented by hCS, which has actions 
similar to prolactin.

b. Development of lobules and secretory alveoli: this requires 
primarily progesterone, but also the other hormones named 
earlier. The other hormones are required primarily because 
rapid growth anywhere would need an extra supply of nutri-
ents and enhanced protein synthesis.

c. Secretion of milk: this requires primarily prolactin. 
Secretion of milk is inhibited by estrogen and pro gesterone. 
That is why, although all the hormones named so far are 
present during pregnancy, secretion of milk is negligible.

Secretion and Ejection of Milk
During parturition, the placenta is also expelled. Expulsion of 
the placenta removes from the body a major source of estro-
gen and progesterone. Therefore the estro gen and progester-
one levels decrease markedly after birth. As mentioned above, 
these hormones inhibit the secretion of milk. Therefore, a 
decrease in the level of these hormones removes the inhibition, 
and the action of prolactin now results in secretion of milk.
 However, secretion of milk is not enough. It has to be 
ejected from the alveoli. This results from the action of oxy-
tocin. Oxytocin produces contraction of myoepithelial cells 
surrounding the alveoli, leading to ejection of milk into the 
ductal system.

Milk Ejection Refl ex
When the baby suckles the mother’s breast, sensory stimuli 
arising from the nipple and areola lead to the milk ejection 
refl ex. The effects of the refl ex are release of prolactin and 
oxytocin. Oxytocin leads to ejection of milk. Prolactin is also 
important because unless secretion of milk continues, lactation 
will be impossible. Not only stimulation of the nipple or areola 
but even fondling the baby or hearing the baby’s cry for milk 
can evoke the milk ejection refl ex.

Lactational Amenorrhea
Amenorrhea is absence of menstrual cycles. Amenorrhea is 
seen not only during pregnancy but also during lacta tion. 
During lactation, amenorrhea is due to secretion of prolactin 

Fig. 10.4.5: Physiological basis of contraception in males (A) and females (B).

during every feed. Prolactin inhibits secretion of GnRH from 
the hypothalamus. Inhibition of GnRH secretion inhibits 
release of FSH and LH from the pitui tary. Inhibition of FSH 
and LH keeps ovaries inactive. When gonadotropins as well 
as ovarian hormones are depres sed, neither ovulation nor men-
struation are possi ble. After lactation, when the menstrual 
cycles start again, they are without ovulation (anovulatory) for 
about 6 months. Lactational amenorrhea is nature’s method of 
pre venting another pregnancy during lactation. Therefore, if 
the child is breast fed, besides the other advantages of breast 
feeding (Chapter 7.10), there is also spacing between two chil-
dren even without the use of any contraceptive.

CONTRACEPTION
Explosive growth of population in developing countries like 
India in the recent past is a major problem because it neutral-
izes to a large extent the increase in productivity. The increase 
in population is primarily due to a marked decrease in death 
rate which has resulted from improved public health measures. 
The birth rate, on the other hand, has not fallen much in spite of 
a vigorous family planning policy.
 Contraception means preventing conception. The surest and 
safest method of contraception is abstinence. But its accepti-
bility is very poor among young couples who need contracep-
tion the most. A better accepted method is the rhythm method. 
This method involves abstinence only around the time of ovu-
lation so that conception is unlikely. Since ovulation takes 
place about 14 days before the onset of menstruation, its date 
can be guessed provided the cycle length is fairly constant in 
a woman. An indication about ovulation is also provided by a 
rise in basal body temperature on the day of ovulation by about 
1°C, and by a progressive decrease in viscosity (and therefore 
an increase in stretchability) of the cervical mucus as the day 
of ovulation approaches. By avoiding sexual intercourse for a 
couple of days before and after ovulation, conception can be 
prevented. While the acceptance of the method is good, its rate 
of failure is fairly high. Hence there is a need for other meth-
ods of birth control. Contraceptive methods may be divided 
into those to be used by men, and those which are suitable for 
women (Fig. 10.4.5).
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Contraceptives for Men
The male contribution to the reproductive process may be 
blocked by either preventing normal spermatogenesis, or by 
blocking the transport of spermatozoa at some point in the 
male genital tract.

Inhibiting Spermatogenesis
Gossypol, a substance found in cotton seed oil, inhibits sper-
matogenesis. However, its side effects have preven ted it from 
becoming popular.

Vasectomy
Vasectomy is a surgical procedure in which the continuity of 
vas deferens is disturbed by cutting it. Therefore, vasectomy 
prevents sperms from being transported towards the urethra. It 
is a simple, essentially harmless procedure and completely reli-
able. Once done, it provides contraception permanently unless 
the procedure is reversed surgically.

Condom
Condom is a simple device to prevent the ejaculated semen 
from reaching the vagina. It is essentially a cap for the penis 
which holds the ejaculate during sexual intercourse. However, 
its efficacy is not very reliable; hence conception due to 
condom failure is quite high.

Contraceptives for Women
In women, there are at least three alternative approaches for 
achieving contraception: to inhibit ovulation, to prevent ovum 
transport, and to prevent fertilization. To these may be added 
a fourth approach which does not prevent conception but pre-
vents implantation or development of the embryo at a very 
early age.

Inhibiting Ovulation
The oral pill acts by inhibiting ovulation. The commonest 
and most successful pill has a combination of estrogen and 
progesterone. It is used during the fi rst 21 days of the men-
strual cycle. By maintaining a high blood level of estrogen 

and progesterone, this pill inhibits the FSH and LH surge, and 
thereby prevents ovulation. After the 21st day of the cycle, 
when the pill is stopped, hormonal withdrawal leads to men-
struation. Thus a superfi cial resemblance to the normal cycle is 
maintained, but there is no ovulation.
 A similar result may be achieved by a slow-release injec-
tion of estrogen and progesterone. This has the added conven-
ience that the woman does not have to remember to take the 
pill every day.

Preventing Ovum Transport: Tubectomy
Tubectomy is a surgical procedure in which the fallopian tubes 
are cut so that the ovum cannot be transported towards the 
uterus. Like vasectomy, tubectomy is also a permanent proce-
dure. Laparoscopic surgery has made tubectomy far more con-
venient for the patient.

Diaphragm and Cervical Cap
These are devices comparable to the condom for use by the 
female. They create a mechanical barrier between the sperm 
and the ovum. Their effi cacy may be improved by using a sper-
micidal jelly.

Intrauterine Contraceptive Devices (IUCD)
Lippe’ loop and copper-T are two popular IUCDs. Their 
mechanism of action is not clearly understood. One plau-
sible mechanism is that, being a foreign body, an IUCD 
induces inflammatory reaction in the uterus. The inflam-
matory response is associated with leucocytic infiltration. 
Leucocytes possibly release chemicals which are toxic to 
sperms.

Preventing Growth and Development of the Zygote
An embryo starts producing hCG at a very early stage of devel-
opment. If hCG can be neutralized by using an antibody against 
it, progress of pregnancy can be arrested.
 Progesterone is necessary for making the uterus suitable 
for implantation. An anti-progestin such as RU 486 arrests 
progress of pregnancy by preventing implantation.
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Both work and play often involve locomotor activity. Before 
we go into the mechanisms of locomotion, let us try to answer 
one question which we have already answered for almost 
every other physiological function, viz. how does it contrib-
ute to homeostasis. For circulation, respiration, digestion and 
excretion the question was easily answered, and for endocrines 
and nervous system also the question did not pose much dif-
fi culty. In case of reproduction we got away by saying that 
it may not contribute to homeostasis of the individual but is 
important for preservation of the species. But why should it be 
necessary to move around to achieve constancy of the internal 
environment? Only a little refl ection would show the indirect 
but indispensable contribution that movement makes to home-
ostasis, survival as well as preservation of the species. To an 
animal, movement is essential for procuring food, escaping 
from an enemy, and fi nding a mate. A paralysed animal would 
soon die of starvation if it is not killed by a predator before
that. Even human societies can support only a limited number 
of paralysed individuals, and that too rather imperfectly. 
Nature, in its supreme wisdom, has therefore given muscles 
about half a man’s body weight.
 Locomotion is achieved by skeletal muscles, so called 
because they are attached to bones, and bring about movement 
at joints. Skeletal muscles are supplied by nerves (Fig. 11.1.1). 
The activity of skeletal muscles is entirely dependent upon 
these nerves. Activation of the nerve supplying a skeletal 
muscle is the only physio logical method of inducing contrac-
tion of the skeletal muscle. If the nerve supplying a skeletal 
muscle is cut, not only does the muscle lose all capacity for 
normal contraction, its size also gets gradually smaller. A nerve 
is a bundle of nerve fi bres. Each nerve fi bre is an elongated part 
(called axon) of a nerve cell (called neuron). The axons which 
supply skeletal muscles are called motor nerve fi bres. The part 
of the neuron which has the nucleus is called the cell body. 
The cell bodies of motor nerve fi bres are located in the anterior 
column (or horn) of the spinal cord. Neurons of the anterior 
column which send their axons to skeletal muscles are called 
motor neurons. Motor neurons are subject to at least a dozen 
infl uences, some excitatory and some inhibitory. The activity 
of a motor neuron refl ects the integrated sum of all these infl u-
ences. At this stage, suffi ce it to say that the will power of the 

individual is capable of exerting one of the most potent excita-
tory infl uences on motor neurons. That is why skeletal muscles 
can be made to contract at will. By withdrawing the excitatory 
infl uence voluntarily, these muscles can also be made to relax 
at will. The voluntary infl uence on muscles originates in the 
cerebral cortex, the seat of all conscious activity in the brain. 
However, it should be pointed out that besides the voluntary 
infl uence, there are other infl uences which affect motor neu-
rons. Therefore considerable activity of skeletal muscles is also 
involuntary, e.g. withdrawal of the hand to escape a pin prick, 
or contraction of postural muscles to maintain a desired pos-
ture. In short, voluntary muscles are under the control of will 
power, but not under the control of will power only. In this sec-
tion, we shall study the activity in the motor nerve fi bre without 
caring for how and where it originates. We shall also study how 
the activity is transmitted from the nerve fi bres to muscles, and 
how muscles contract. We shall leave the discussion of various 
infl uences impinging on the motor neurone to Section 14.
 All muscular movement results from contraction. Since 
movement is possible in opposite direction, when a group of 
muscles contracts, the opposing group of muscles must relax. 
Since contraction is a pull, muscles only pull. It is the architec-
ture of the joints which converts some pulls into pushes. A push 

Fig.11.1.1: Skeletal muscles are supplied by motor nerve fi bres. 
Motor nerve fi bres are the axons of motor neurons. Motor neurons 
are subject to several infl uences including voluntary control originating 
in the cerebral cortex. A simplifi ed version of part of the motor nerve 
has been shown just to indicate that axons of several motor neurons 
travel in a motor nerve.

11.1
Getting Introduced
to Physiology of
Work and Play
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or a pull produces or tends to produce, stops or tends to stop, 
motion. In other words, skeletal muscles generate force. Force, 
multiplied by the distance over which it works, is called work. 
Work may be serious or for recreation. Work for recreation is 
called play. Skeletal muscles engage in work or play, depending 
on their owner’s will and outlook. To some, work is play, and 
to professional players, play is serious work indeed! Motion 
is a basic biological phenomenon. Protoplasmic streaming of 
algae is probably the simplest type of movement in a living 
structure. The movement of secretory vesicles within a cell, 
the movement of chromosomes to the equator of the spindle 
during metaphase, the amoeboid movement of phagocytes, 
lashing of cilla and fl agella, and retraction of a blood clot rep-
resent one level of movement while movement of the hand, 
pumping action of the heart, and propulsive movements of the 

stomach represent another level. But it is fascinating to observe 
that similar proteins and similar enzymatic mechanisms are 
involved in the execution of all these movements—subcellu-
lar, cellular, and organismic (Chapter 1.3). But almost all our 
under standing of biological phenomena involving movement 
has come from a study of skeletal muscle. This is because of 
easy accessibility of skeletal muscles, the regular arrangement 
of their contractile elements, and the high concentration and 
quantity of their contractile proteins. This is somewhat con-
trary to the general pronciple that it is easier to study simpler 
systems, and to extrapolate the knowledge so gained to more 
complex systems. For example, a lot has been learnt about the 
genetic code and protein synthesis in higher organisms from 
studies on bacteria and viruses. But, as everywhere else, so in 
science, every rule has exceptions.
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Before you study this chapter, revise the general features of 
excitable cells, specially their electrophysiology, which was 
discussed in Chapter 3.2. In this chapter we shall concentrate 
on one category of excitable cells, i.e. nerve cells. A nerve cell, 
or neuron, consists of a cell body and a variable number of 
‘processes’ or extensions. Some of these processes (dendrites) 
receive messages while others (axons) transmit messages. 
Axons which travel in peripheral nerves are called nerve fi bres. 
If we look at the cross section of a peripheral nerve we fi nd that 
it is a bundle of thousands of nerve fi bres. Each mammalian 
nerve fi bre varies from less than a micron to about 20 microns 
in diameter. But the ‘gland’ axon of squid is 100 microns or 
more in diameter, and is therefore much easier to study with 
intracellular electrodes. Much of nerve physiology has been 
learnt from gland axons.

CONDUCTION OF THE NERVE IMPULSE
Consider two sets of electrodes placed on a nerve fi bre at some 
distance from each other (Fig. 11.2.1). One of these may be 
used for stimulating the nerve fi bre, and the other for record-
ing electrical changes in the membrane. A stimulus is soon fol-
lowed by detection of an action potential at the recording elec-
trodes. There is, however, a short interval between the stimu-
lus and the appearance of the action potential. If we increase 
the distance between stimulating and recording electrodes, 
the interval between the stimulus and the recorded response 
increases. This tells us that the response is conducted from 
the site of stimulus to the recording electrode. If we know the 
time interval between the stimulus and the response, and the 
distance between the stimulating and recording electrodes, the 
conduction velocity of the response may be calculated.

Propagation of the Action Potential
The action potential is propagated without decrement along 
the membrane of the excitable cell. The mechanism is rather 
simple. The depolarization associated with the action poten-
tial induces a milder, but suprathreshold, depolarization in the 
neighbouring regions of the cell membrane. This is because 
during the action potential the membrane is positive inside 
as compared to outside the cell. Hence, in the neighbouring 
regions, on the outside of the cell membrane positive ions are 

repelled and negative ions are attracted towards the site of the 
action potential. Just the opposite happens on the inside of the 
cell membrane. That is why the neighbouring region of the cell 
membrane also becomes slightly nega tive outside and slightly 
positive inside. As you know, this type of a change is called 
depolarization. The depolarization induced by the action poten-
tial has the same features as the graded depolarization induced 
by the original stimulus. And, this induced depolarization is 
suprathreshold. Hence an action potential is generated in the 
neighbouring region. Repetition of the process leads to another 
action potential in the region next to the new action potential, 
and so on. Propagation of the action potential in this manner 
is called electrotonic spread (Fig. 11.2.2). Electrotonic spread 
can, theoretically, occur in all directions. But actually this hap-
pens only in muscle tissue. In nerve fi bres, the propagatiaon of 
action potential is unidirectional because transmission across 
neuro muscular junctions and synapses is unidirectional.
 You might have observed that propagation of the action 
potential bears a superfi cial resemblance to a lighted sparkler. 
Once the tip of the sparkler has been lighted, it heats the imme-
diately adjacent region. When the temperature of the adjacent 
region crosses the ignition point (threshold), sparkles are pro-
duced. The sparkling region then heats the region adjacent to 

Fig. 11.2.1: Action potential may be recorded from a nerve fi bre by 
using a set up of the type shown here. The signal picked up by the 
recording electrodes is amplifi ed and displayed on the screen of an 
oscilloscope. The interval (t) between the stimulus (S) and action 
potential (AP) is the time taken by the nerve impulse to travel the 
distance (D) between the stimulating and recording electrodes.

11.2
Physiology of
Nerve Fibres
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it, and so on. The process continues from point to point till the 
whole length of the sparkler has been covered.
 In short, an action potential sets up electrotonic cur rents 
in the neighbouring parts of the membrane (Fig. 11.2.2). The 
depolarizatiaon induced by these currents leads to an action 
potential. The new action potential excites its neighbouring 
region on the membrane, and so on. Thus the impulse1 is con-
ducted from point to point along the nerve fi bre membrane. 
The above description is quite accurate for conduction of the 
impulse in unmye linated nerve fi bres, but myelinated fi bres 
need a special mention.

Conduction in Myelinated Nerve Fibres
Myelinated nerve fi bres are enclosed in a myelin sheath. The 
myelin sheath consists of compressed layers of Schwann 
cells which are wrapped around the axons in a spiral fash-
ion. Myelin is rich in lipids and is an excellent insulator. The 
myelin sheath is absent every 1-3 mm, giving rise to a constric-
tion known as the node of Ranvier. Since myelin is an insula-
tor, an action potential cannot induce a depolarization where 
the myelin sheath is present. The nearest point where an action 
potential can induce depolarization electrotonically is the near-
est node of Ranvier. The depolarization induced at the node 
is suprathreshold and leads to an action potential. This action 
potential then leads to excitation at the next node of Ranvier. 
Thus the impulse jumps from node to node (Fig. 11.2.3). That 
is why conduction in a myelinated nerve fi bre is called salta-
tory conduction (saltare, to dance). Saltatory conduction pro-
vides at least two advantages. First, for a given diameter, it 
gives a higher conduction velocity. For example, a 1-micron 
diameter myelinated nerve fi bre has a conduction velocity of 
about 6 m/s while an unmyelinated fi bre of the same diameter 
has a conduction velocity of about 2 m/s.2 Second, it conserves 
energy. Since, action potential jumps from node to node, ionic 
changes associated with action potential also occur only at the 
nodes. Thus the need for enhanced activity of the sodium pump 
to restore normal ionic concentrations is also reduced. Since 
sodium pump needs energy, the energy requirement is reduced. 
By the same token, restricted ionic exchange per impulse 
means that a larger number of impulses can be conducted in 
quick succession without allowing time for the sodium pump 
to restore normal ionic concentrations.

STRENGTH-DURATION RELATIONSHIP
We have so far referred to the threshold stimulus in qualita-
tive terms. Quantitatively, a stimulus has two characteristics: 
intensity or strength, and duration. Both are important in deter-
mining the consequences of a stimulus. In general, the stronger 
a stimulus, less the duration required for it to excite an action 
potential. The relationship between the strength and duration 
of threshold stimuli has been shown in Fig. 11.2.4. The weak-
est stimulus which is able to excite an action potential is called 

1 Impulse is more than the action potential. It includes the metabolic and other changes associated with activity. Action potential is only a conveniently 
recordable indicator of the activity going on in the excitable cell during activation. The action potential is a sign of neural activity comparable to the 
glowing red light outside an operation theatre which tells us that surgery is on.
2 A 20-micron myelinated fi bre conducts the impulse at 120 m/s, which is more than ten-times faster than the fastest 100-meter sprinter.

Fig. 11.2.2: Electrotonic spread of impulse in an excitable tissue. 
A. Electrotonic currents are generated between the excited region 
(1) and the neighbouring regions. The arrows indicate conventional 
current, which fl ows from electrically positive regions to negative 
regions. B. Electrotonic spread results in depolarisation of regions 
2 and 2’. It is presumed that the depolarization is threshold, and 
therefore an action potential is generated at 2 and 2’. Excitation of 
regions 2 and 2’ sets up electrotonic currents between these regions 
and the neighbouring regions. C. By a similar process regions 3 and 
3’ are now excited. The impulse does not spread from 3 to 2 because 
region 2 is refractory due to recent excitation.

rheobase. The minimum duratiaon for which the rheobase has 
to be applied for excitation is called the utilization time. The 
minimum duration for which a stimulus double the rheobase 
has to be applied for it to be just the threshold stimulus is called 
chronaxie (chronos, time: axia, value). The derivation of the 
word should remind you that chronaxie is a duration.
 The strength-duration curve gives an idea of the sensitivity 
of an excitable tissue. For example, from Fig. 11.2.5 we can 
say that nerve is more excitable than muscle. The sensitivity 
of different tissues may be compared by comparing their chro-
naxie. Chronaxie is a better index of sensitivity than rheobase. 
The reason is that in practice it is diffi cult and time consuming 
to reach the horizontal part of the strength-duration curve. It is 
much easier to determine the approximate rheobase from the 
point where a further increase in duration of the stimulus does 
not reduce the required intensity much. Chronaxie based on 
the approximate rheobase is a very defi nite duration, and is not 
signifi cantly different from the true chronaxie.
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Accommodation

It is observed that if the intensity of a stimulus rises slowly, 
it becomes more diffi cult or even impossible to generate an 
action potential. The phenomenon is called accommoda-
tion because the tissue may be considered to have accommo-
dated to the stimulus. Accommodation may be explained in 
terms of voltage-gated sodium channels.3 Due to the slow rise 
of the stimulus from a very weak level, only a few voltage-
gated sodium channels are affected at a time. The few that are 
affected get inactivated by the time some more channels are 
activated. Thus at no moment are a suffi cient number of chan-
nels activated to give an action potential.

COMPOUND ACTION POTENTIAL
If an arrangement is made for recording a monophasic poten-
tial from a whole nerve, the record consists of a large peak 
followed by a few smaller peaks. This record is called a com-
pound action potential. Theoretically, two expla nations may be 
offered for the mltiple peaks in the compound action potential. 
First, the different nerve fi bres constituting the nerve possibly 
discharge asynchro nously. Or alternatively, the different nerve 
fi bres consti tuting the nerve possibly have different conduction 
velocities4.
 The two possibilities may be distinguished by means of a 
simple experiment. Without changing the position of the stimu-
lating electrodes, the recording may be done from two different 
points a considerable distance apart5. Such experiments have 
shown that the longer the distance between the stimulating and 
recording electrodes, the greater is the separation of the dif-
ferent peaks in the compound action potential (Fig. 11.2.6)6. 
This observation indicates that the conduction velocity of dif-
ferent types of nerve fi bres is different, and that each peak cor-
responds to a group of fi bres with nearly identical conduction 
velocities7. Now that we are sure about at least one thing, i.e. 

Fig. 11.2.3: Saltatory conduction. In a myelinated nerve fi bre the 
action potential ‘jumps’ from node to node (e.g. from 1 to 2, and from 
2 to 3, in this diagram).

Fig. 11.2.4: Strength-duration curve of an excitable tissue. R, 
rheobase; C, chronaxie; U, utilization time.

 The fact that nerve tissue is more excitable than muscle 
tissue has great applied value in motor nerve injuries. After a 
nerve injury the response of a muscle is due to direct excitation 
of muscle fi bres. Therefore the sensitivity is lower than that 
observed when it is possible to excite the nerve fi bres supply-
ing the muscle. The progressive improvement in sensitivity of 
a muscle after nerve injury is an indication of the degree of 
regeneration of nerve fi bres.

Fig. 11.2.5: Strength-duration curves of nerve (N) and muscle (M). 
Which of the two tissues is more excitable?

3 With that hint, try and explain it yourself before you read further.
4  Can you think of some simple way to determine which of these two explanations is true?
5 How will the compound action potential at the two recording sites tell us which of the two explanations is true?
6 Which of the two possibilities does this observation point to?
7 Does the observation exclude the other possibility that the discharge may be asynchronous?
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that the conduction velocity of different groups of nerve fi bres 
is different, let us see in what other respects nerve fi bres differ 
from one another8.

Classifi cation of Nerve Fibres
There are two prevalent classifi cations of nerve fi bres: one orig-
inally proposed by Erlanger and Gasser, and the other by Lloyd 
and Hunt. The former covers all nerve fi bres and divides them 
into group A, B and C. The latter classifi es only sensory fi bres 
and divides them into groups I, II, III and IV. We shall consider 
primarily Erlanger and Gasser’s classifi cation, and mention the 
roughly equivalent group in Lloyd and Hunt’s classifi  cation. 
Group A fi bres are further classifi ed into subgroups A alpha, A 
beta, A gamma and A delta.

A Alpha
This group of nerve fi bres are myelinated, 13-20 microns in 
diameter, with a conduction velocity of 70-120 m/s. It is help-
ful to keep in mind that for myelinated nerve fi bres, the con-
duction velocity in m/s is approximately 6 times the diameter 
in microns. In unmyelinated fi bres the factor is much smaller 
and conduction velocity is proportional to the square root 
of the diameter. A alpha fi bres include sensory fi bres which 
convey proprioceptive impulses, and also somatic motor nerve 
fi bres which supply skeletal muscles. In Lloyd’s classifi cation, 
A alpha fi bres of the sensory type are designated group 1 fi bres.

A Beta
This group of nerve fi bres are also myelinated but smaller in 
diameter (4-13 microns). If you know the diameter, you can 
calculate the conduction velocity. A beta fi bres are sensory 
nerve fi bres conveying touch, pressure and kinaesthetic sense. 
In Lloyd’s classifi cation, A beta fi bres correspond to group II.

A Gamma
This group of nerve fi bres are also myelinated and their diam-
eter is 3-6 microns. They are motor fi bres supplying intrafusal 
(within the muscle spindle; Chapter 11.4) muscle fi bres. Since 
A gamma fi bres are motor fi bres, they are ignored by Lloyd’s 
classifi cation.

A Delta
This group of nerve fi bres are also myelinated but still thinner, 
being 1-5 microns in diameter. They convey the sensations of 
sharp pricking pain, temperature and fi ne pressure. In Lloyd’s 
classifi cation, A delta fi bres are desig nated group III fi bres.
 You might have observed that all group A fi bres are myeli-
nated. Further, conduction through all these fi bres can be most 
easily blocked by pressure. That is why when your fi nger gets 
hurt, you instinctively press it hard. That relieves the sharp 
pricking pain which is conveyed by A delta fi bres.

Group B
Group B fi bres are also myelinated but still thinner, being 1-3 
microns in diameter. These fi bres constitute the preganglionic 
autonomic fi bres of both the sympathetic and parasympathetic 
divisions. Conduction through group B fi bres can be most 
easily blocked by hypoxia. Since group B fi bres are motor 
fi bres, they are not consi dered in the Lloyd’s classifi cation.

Group C
Group C fi bres are the only ones that are unmyelinated. Their 
diameter is also the smallest, 0.2-1.0 micron. Lack of myeli-
nation and small diameter account for their low conduction 
velocity of only 0.2-2 m/s. But still the velocity is quite suf-
fi cient for most purposes. That is why C fi bres are the most 
numerous in peripheral nerves. The advantage in getting most 
of the jobs done by C fi bres is that the diameter of the nerves 
can stay within reasonable limits. If all nerve fi bres were of 
type A, peripheral nerves would look like thick ropes. Group 
C fi bres convey the sensations of burning and dull aching pain, 
temperature and crude pressure. All postganglionic autonomic 
fi bres also belong to group C. The sensory fi bres of group C are 
designated group IV in Lloyd’s classifi cation.
 Conduction through group C fibres can be most easily 
blocked by local anaesthetics. That is why after local anaesthe-
sia the more agonizing burning pain is blocked but the sharp 
pricking pain and touch conveyed by group A fi bres may not be 
completely blocked. Hence the patient may complain that he 
can feel the knife, there is some sharp pain also along the inci-
sion, but the pain is not very agonizing.

Fig. 11.2.6: Compound action potential. If a mixed nerve is stimlated, 
the potentials recorded at points R1, R2, and R3 are different due to 
progressively wider separation of components travelling at different 
speeds. An idealised diagram showing several of the components of 
a compound action potential is also shown S, stimulator.

8 How the difference in conduction velocity of different groups of fi bres results in better separation of their action potentials with increasing distance 
between the stimulating and recording electrodes may be understood using a simple analogy. When athletes start running a race, although their speeds 
are different they are all nearly at the same level when near the starting line. As the distance from the starting line increases, they separate out more and 
more in terms of their speeds.
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 The salient features of different groups of nerve fi bres have 
been summarised in Table 11.2.1.

RESPONSE TO INJURY
It is generally believed that neurons do not multiply during life, 
and therefore a neuron once lost is lost for good. While this is 
almost completely true, fortunately injury to a peripheral nerve 
fi bre does not kill the neuron to which it belongs. The neuron 
responds by a process of repair which has a reasonable chance 
of bringing about at least partial recovery of function.
 There are different grades of injury to peripheral 
nerve fibres. The mildest is neuropraxia, in which nei-
ther the axon nor its surrounding sheath is divided. The 
injury leads to temporary conduction block but eventually 
recovery is complete. The next grade of injury is axono tmesis 
in which the axon is divided but the endoneurial sheath is 
continuous. The distal segment of the axon shows Wallerian 
degeneration (see below). Since the sheath is intact, the regen-
erating axon can easily grow into it. Hence recovery is gener-
ally good.
 The severest grade of injury is neurotmesis in which the 
axon as well as the endoneurial sheath are divided. The distal 
as well as proximal ends of the cut neuron show a character-
istic response. The reaction of the distal end was described 
in great detail by Waller in 1850, and is therefore, known as 
Wallerian degeneration. Both the axon and the myelin sheath 
start breaking up. The debris is cleared by Schwann cells and 
macrophages of uncertain origin. After the debris is cleared, 

Schwann cells divide and form longitudinal columns within the 
endoneurial tubes. Since the rest of the degenerating material 
has been cleared, the tubes are hollow.
 Simultaneously, degenerative changes also go on in the 
proximal end of the cut fi bre. The changes up to the fi rst node 
of Ranvier are similar to those in the distal segment. The cell 
body shows swelling. The Nissl granules break down, a proc-
ess known as chromatolysis.
 Degenerative changes in both the proximal and distal ends 
suggest that the cell body has a trophic infl uence on the axon, 
and the target cell also sends some trophic factors to the nerve 
cell by retrograde transport.
 Regeneration is primarily a function of the proximal stump 
but it succeeds only if the distal segment provides an endoneu-
rial sheath. The proximal stump grows upto 50 sprouts. If one 
of these is able to grow into the hollow endoneurial tube, it 
gradually grows to traverse the whole length of the tube and 
reinnervates the target cell. The growth of the sprout is 1-3 mm 
per day. Even under best circumstances, reinnervation is rarely 
perfect, and therefore some functional defi cit remains.
 The success of regeneration depends critically on a viable 
distal segment near enough to serve as a guide for the growth of 
a sprout. For successful regeneration the gap between the prox-
imal and distal cut ends should be less than 3 mm. Suturing a 
cut nerve helps recovery by reducing the gap between the two 
ends. If the gap is large, or if the distal end is not viable, the 
sprouts form a confused mass of fi bres called a neuroma. In 
case of sensory fi bres a neuroma can be very painful and is a 
dreaded complication of amputations.

Table 11.2.1: Classifi cation of Mammalian Nerve Fibres

 Group

Erlanger and Gasser Lloyd & Hunt* Myelination** Diameter Conduction velocity Function Agent to which  conduction
   (microns) (m/s)  is most susceptible

A alpha I M 13-20 70-120 Proprioception Pressure
     Motor supply to
     skeletal muscles
A beta II M 4-13 25-70 Touch, kinesthetic Pressure
     sense, pressure
A gamma - M 3-6 15-30 Motor supply to Pressure
     intrafusal muscle fi bres
A delta III M 1-5 5-30 Pain, temperature, Pressure
     pressure, touch
B - M 1-3 3-14 Preganglionic Hypoxia
     autonomic fi bres
C IV UM 0.2-1.0 0.2-2 Pain, temperature, Local anaesthetics
     pressure 
     Postganglionic
     autonomic fi bres

*Considers only sensory fi bres
**M, myelinated; UM, ummyelinated
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11.3
Functional Anatomy of 

Skeletal Muscle

A typical skeletal muscle consists of a fat belly with a tendon 
at either end. The muscle stretches across at least two bones to 
which its tendons are attached.1 The muscle belly is enclosed 
in a connective tissue covering called epimysium. A cross sec-
tion of the muscle belly shows that it consists of a large number 
of muscle bundles or fascicles. The connective tissue around 
each muscle bundle is called perimysium. The space between 
bundles serves as a passage for large blood vessels entering 
or leaving the muscle. Further magnifi cation shows that each 
muscle bundle consists of a large number of muscle fi bres 
arranged parallel to each other. A muscle fi bre is equivalent to 
a cell.

MUSCLE FIBRE
In keeping with its function, a muscle fi bre, or cell, is elon-
gated and densely packed with contractile proteins. The con-
tractile proteins are arranged in such a way as to impart it a 
striped or striated appearance. We shall return to the details 
of this arrangement a little later. The cell membrane around a 
muscle cell is called sarcolemma, and its cytoplasm is called 
sacroplasm. A muscle cell is multinucleate, the nuclei being 
pushed by contractile elements to be just beneath the sar-
colemma. Some of the nuclei which seem to be within the 
muscle cell are, however, just outside it. These nuclei belong 
to small cells known as satellite cells. Satellite cells are stem 
cells which normally stay dormant but are activated when the 
muscle is injured.

Red and White Fibres
There are two types of muscle fi bres—red and white—with 
intermediate varieties between the two extremes. Red, white 
and intermediate fi bres are present within a single muscle. 
However, some muscles have predo mi nantly red fi bres and 
some predominantly white.
 Red fi bres are small in diameter, and rich in mito chondria 
and myoglobin. They owe their red colour to the higher content 
of myoglobin, which is reddish brown in colour. Their speed 

of contraction is low and they contract less forcefully but do 
not get fatigued easily because myoglobin can provide a steady 
supply of oxygen. Clearly, red muscles are ideally suited for 
sus tained contraction as required in postural muscles, or in 
pectoral muscles of birds which undertake long fl ights.
 White muscle fi bres are larger in diameter than red fi bres, 
have fewer mitochondira, less myoglobin, and a higher veloc-
ity of contraction. They contract more forcefully but fatigue 
quickly. White fi bres are useful where brief forceful contrac-
tions are required, as for lifting weights. All the muscle fi bres 
innervated by a given motor nerve fi bre are of the same type. 
There is evidence to suggest that the muscle fi bre type is deter-
mined by the motor nerve fi bre.
 In most activities, the low threshold slow (red) fi bres are 
employed before the high threshold fast (white) fi bres. Hence 
it is not possible to provide physical training which would 
improve the performance of only fast muscle fi bres.

Organization of Contractile Elements
Irrespective of whether a muscle fi bre is red or white or inter-
mediate, it consists of a large number of densely packed myofi -
brils. Myofi brils show a repeating pattern of lines and bands 
(Fig. 11.3.1). The portion of a myofi bril between two Z lines 
is called a sarcomere. A sarcomere is the functional unit of 
contraction. Immediately adjacent to the Z line is the I band. 
The central portion of the sarco mere is occupied by the A band. 
In the middle of the A band is the H band. At the centre of 
the H band is the M line. The arrangement of bands and lines 
becomes less con fusing once you understand the arrangement 
of myofi la ments in the sarcomere.
 The A band is made up primarily of myosin fi laments. 
Myosin is a protein with a heavy subunit bearing a head, and 
a light elongated subunit. The I band is made up primarily of 
actin fi laments.2 An actin fi lament is a fi brous (F) polymer of 
globular (G) actin molecules. Actin fi laments extend partly 
into the A band. H band repre sents the region where there is no 
overlap between actin and myosin fi laments. A cross section of 
the sarcomere through the A band shows that actin and myosin 

1 Can both ends of a muscle be attached to the same bone? Would such a muscle be of any use? Will its contraction produce any movement?
2Strictly speaking, a part of the actin fi laments extends into the A band, and actin fi laments also have two other proteins—troponin and tropomyosin—
associated with them. These details will unfold gradually in due course.
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fi laments are arranged in a very regular manner. Each myosin 
fi lament is surrounded by six actin fi laments which, in turn, are 
arranged in a hexagonal fashion.
 In light microscopy, A band is darkly stained and I band 
is lightly stained, giving a striped appearance. Further, all the 
myofi brils in a muscle fi bre are arranged in a ‘perfect’ manner 
so that the A and I bands of all myofi brils are at the same level. 
This gives a striped appearance to the whole muscle fi bre. That 
is why skeletal muscle is also known as striped or striated.
 When a muscle contracts, the length of the A band does 
not change but the I band shortens. This has been explained by 
proposing that actin fi laments slide between myosin fi laments 
towards the centre of the sarcomere during contraction. What 
do you think happens to the width of the H band during con-
traction?3 We shall learn some details of why, when and how 
the sliding takes place in Chapter 11.5.

Sarcoplasmic Reticulum
A very prominent structure in the muscle fibre is a net-
work of tubular structures known as sarcoplasmic reticulum 
(Fig. 11.3.2). Sarcoplasmic reticulum is nothing but a modifi ca-
tion of endoplasmic reticulum. The network is arranged around 
and between groups of myofi laments. In fact, demarcation of 
groups of myofi laments into myofi brils depends on the dispo-
sition of the sarcoplasmic reticulum. Separate sections of the 

network are organized around A bands and I bands. Where two 
sections surrounding contiguous A and I bands meet, there are 
ring-like enlargements around the myofi bril known as termi-
nal cisterns or sacs. Terminal sacs can pump sarcoplasmic cal-
cium ions and build up high concentrations of calcium within. 
Release of calcium at the appropriate time is an essential link 
in the contractile process.
 Closely associated with the sacroplasmic reticulum are 
tubular invaginations of the plasma membrane (here called the 
sacrolemma) which extend transversely into the muscle fi bre, 
and are therefore called T-tubules. The T-tubules are located at 
A-I junctions and run between the terminal sacs. A T-tubule and 
the two terminal sacs surrounding it form a triad. The T-tubules 
are essentially an extension of the extracellular space into the 
interior of the muscle fi bre. They communicate changes in the 
electrical potential of the sarcolemma to the terminal sacs and 
thereby trigger release of calcium into the sarcoplasm.

OTHER STRUCTURES
Besides muscle fi bres, a muscle has the blood vessels and 
nerve fi bres supplying it. The nerve fi bres terminate at spe-
cialized junctions known as motor end plates. We shall talk 
more about the end plate in Chapter 11.4. The muscle also has 
receptor organs which are sensitive to stretch. These organs 
are called muscle spindles. Besides the sensory nerve end-
ings, muscle spindles also have thin muscle fi bres known as 
intrafusal muscle fi bres. In this context, the ordinary muscle 
fi bres, which form the bulk of the muscle and which we have 
discussed above, are called extrafusal muscle fi bres. The ten-
dons also have stretch-sensitive structures known as Golgi 
tendon organs. We shall discuss the structure and function of 
muscle spindles and Golgi tendon organs in some detail in 
Chapter 14.1.

Fig. 11.3.1: Structure of skeletal muscle.
A. A muscle belly is composed of several muscle bundles. Each 

muscle bundle has several muscle fi bres.
B. Each muscle fi bre (equivalent to a muscle cell) has several 

peripherally placed nuclei. It is made up of several myofi brils.
C. Each myofibril has myofilaments arranged as shown here. 

Sarcomere is considered a unit of contraction.

Fig. 11.3.2: The sacroplasmic reticulum.

3 The H band becomes narrower and may be obliterated completely because it represents the part of the sarcomere where thick (myosin) and thin (actin) 
fi laments do not overlap. As thin fi laments slide inwards, the region of overlap increases.
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CONCLUSION

Skeletal muscle is probably one of the best examples to illus-
trate that there are no hard and fast boundaries in knowledge. 
Precise knowledge of anatomy and a good understanding of the 
biochemistry of muscle proteins are essential for understanding 
the physiology of skeletal muscle. As we discover the function 
of muscle in the subsequent chapters we shall continue to draw 
on anatomical knowledge as well as the basic disciplines of 
chemistry and physics.

QUESTION AND PROBLEM
1. What are the structural or molecular details corresponding 

to the Z line and M line?

ANSWER AND SOLUTION

1. Z lines, or discs, are composed of several structural pro-
teins which form Z fi lamenta. Z fi laments provide sites for 
attachment of actin fi laments. The Z line interconnects thin 
fi laments within a sarcomere as well as the thin fi laments of 
adjacent sarcomeres.

 M line consists of fi ne fi laments which interconnect myosin 
fi laments. Besides having a structural role, these intercon-
necting fi laments also contain the enzyme creatine kinase.

 It has been proposed recently that the sarcomere is sup-
ported by an external scaffolding of desmin (a protein) fi la-
ments which interconnect Z and M lines.
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11.4
Neuromuscular 
Transmission

Skeletal muscles are innervated by motor nerves1. A motor 
nerve is a bundle of nerve fi bres. A motor nerve fi bre is the 
axon of an alpha motor neuron, the cell body of which is in the 
anterior column of the spinal cord. A motor nerve fi bre divides 
into several branches. Each branch of the motor nerve fi bre 
innervates one muscle fi bre. But the number of muscle fi bres 
innervated by a motor nerve fi bre varies from less than ten to 
several hundred. A motor neuron together with all the muscle 
fi bres it innervates is called a motor unit.
 Each branch of a motor nerve fi bre terminates near the 
centre of muscle fi bre to form a rounded structure called the 
neuromuscular junction, or sometimes the myoneural junction 
or motor end plate. Before we learn the mechanism by which 
the message brought by the motor nerve ending is conveyed to 
the muscle fi bre across the neuromuscular junction, let us look 
at the structure of the junction.

FUNCTIONAL ANATOMY OF THE 
NEUROMUSCULAR JUNCTION

The motor axon branches at the neuromuscular junction to 
form several rounded or fl attened terminals which fi t snugly 
into depressions on the surface of the skeletal muscle fi bre 
(Fig. 11.4.1). The myelin sheath terminates just before the neu-
romuscular junction but the junction is insulated from the sur-
rounding fl uids by Schwann cells, here known as the teloglia. 
The neuronal membrane participating in the junction is called 
the presynaptic membrane and the muscle fi bre membrane at 
the junction is called the postsynaptic membrane. The space 
between the presynaptic and postsynaptic membranes is called 
the synaptic cleft. The synaptic cleft, about 25 nm wide, con-
tains spongy reticular fi bres which form the basal lamina. Thus 
the junction has primarily three compo nents: the presynaptic 
membrane, the postsynaptic mem brane, and a basal lamina 
between the two.
 The axon terminal has a large number of mitochondria, 
indicating that it is a region of high metabolic activity. It also 
has vesicles containing the neurotransmitter which, in case of 

skeletal muscle, is acetylcholine. The basal lamina provides 
channels for diffusion of fl uids and also provides a matrix for 
the attachment of acetylcholines terase. The muscle fi bre at the 
junction is depressed and its membrane is thrown into a large 
number of folds which increase its surface area. The membrane 
incorpo rates in its structure acetylcholine receptors.

PHYSIOLOGY OF NEUROMUSCULAR 
TRANSMISSION

Structural and functional studies have now more or less estab-
lished that the messenger which transmits the message from 
the nerve to the muscle is a chemical. The chemical is acetyl-
choline and is stored in the vesicles in the axon terminal.
 When a volley of action potentials propagated along a 
motor nerve fi bre reaches an axon terminal it releases acetyl-
choline from the vesicles into the synaptic cleft. Acetylcholine 
increases the permeability of the sarco lemma at the motor end 
plate leading to a graded depo  lari zation known as the endplate 
potential. If the magni tude of the endplate potential exceeds a 

Fig. 11.4.1: Schematic representation of microscopic structure of a 
neuromuscular junction in skeletal muscle.

1 This is not strictly true because skeletal muscles are also innervated by sensory nerve fi bres which originate in muscle spindles, which are the receptors 
for detecting changes in muscle length.
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threshold value, an action potential is fi red. The action poten-
tial is propagated in both directions and thus spreads to the 
whole length of the muscle fi bre. Now we shall study some 
details of the process of neuromuscular trans mission.

Release of Acetylcholine
It seems that even in a muscle at rest small amounts of acetyl-
choline are continually released from the axon terminals. But 
when an action potential arrives at the axon terminal, it opens 
up calcium channels in the membrane of the terminal. Since 
the channels open as a result of changes in membrane voltage 
associated with the action potential, these calcium channels are 
called voltage-gated. In other words, it is the voltage across the 
cell membrane which determines whether the gates which reg-
ulate the entry of calcium ions through the channels are open 
or closed. Opening up of voltage-gated calcium channels leads 
to the entry of calcium ions into the axon terminal. Calcium 
ions bring about movement of acetylcholine vesicles towards 
the presynaptic membrane. Part of the vesicle membrane fuses 
with the presynaptic membrane and acetylcholine is released 
into the synaptic cleft. As you might recollect this mecha-
nism of discharge of the contents of the vesicles is known as 
exocytosis.

Acetylcholine-Postsynaptic Membrane Interaction
Acetylcholine molecules diffuse through the synaptic cleft to 
reach the postsynaptic membrane. The postsynaptic membrane 
has specifi c receptors for acetylcholine. Acetyl choline recep-
tors are essentially proteins which traverse the whole width of 
the postsynaptic membrane and are shaped like tubes or chan-
nels. Normally these channels are so narrow that they may be 
considered closed. But when acetylcholine attaches itself to 
its recep tors, the receptor protein undergoes a confor mational 
change such that its hollow tubular core becomes wider. As 
a result the channel becomes permeable to a wide variety of 
cations. Since the channel is opened by acetyl choline, it is 
called a chemically-gated channel, or ligand-gated channel, 
or, more specifi cally, acetylcholine-gated channel. Although 
acetylcholine-gated channels are relatively nonspecifi c, their 
opening leads mainly to an infl ux of sodium ions. The reason 
is that the interior of the channels is negatively charged and the 
inside of the sarcolemma is also negative as compared to the 
outside. Therefore, only positively charged ions enter the chan-
nels. Among the positively charged ions, only for sodium there 
is a strong concentration as well as electrical gra dient favour-
ing diffusion into the cell. That is why the interaction between 
acetylcholine and its receptors on the postsynaptic membrane 
leads to an infl ux of sodium ions into the muscle fi bre.

End Plate Potential
Infl ux of sodium ions into the muscle cell leads to depo lari-
zation of the postsynaptic membrane. Since depolari zation 
is at the end plate, it is called the end plate potential (EPP). 
EPP is a graded phenomenon because its magni tude depends 
on how many sodium ions enter the muscle cell. The number 
of sodium ions which enter the muscle cell depends on the 
number of acetylcholine-gated chan nels that are open. The 
number of acetylcholine channels which open depends on the 

amount of acetylcholine that is released by the axon terminal. 
The amount of acetylcholine released by the axon terminal 
depends on the number of voltage-gated calcium channels that 
open up. The number of voltage-gated calcium channels which 
open up depends on the frequency with which action potentials 
arrive at the axon terminal. We will not go into the details of 
what determines the frequency of action potentials in the motor 
axon beyond saying that it depends on how strongly the central 
nervous system has decided the muscle should contract.
 Coming back to the EPP, we had learnt earlier that small 
amounts of acetylcholine are released from axon terminals 
even when the motor nerve fi bre and muscle are apparently 
completely at rest. These small amounts of acetylcholine give 
rise to small degrees of depolarization of the postsynaptic 
membrane known as miniature end plate potentials (MEPP). 
However, when a volley of action potentials arrives at the axon 
terminal, greater degree of depolarizatiaon takes place at the 
postsynaptic membrane which is called an EPP. If the EPP 
crosses the critical fi ring threshold an action potential is fi red 
(Fig. 11.4.2). In a healthy muscle, an EPP always crosses the 
fi ring threshold. In contrast with the EPP, action potential is an 
all or none phenomenon. The ionic basis of the action potential 
and the mechanism of its propagation along the sarcolemma 
have already been discussed in Chapter 3.2.
 How the action potentials travelling along the sarco lemma 
lead to contraction has been discussed in Chapter 11.6. The 
process of neuromuscular transmission has been summarized 
in Fig. 11.4.3.

Synthesis and Fate of Acetylcholine
Acetylcholine is synthesized from acetyl CoA and choline 
using the enzyme choline acetyl transferase in the cytosol of 

Fig. 11.4.2: End plate potential (EPP) is a graded phenomenon. If 
the acetylcholine released at the neuromuscular junction is suffi cient 
to give rise to an EPP which is above the threshold for excitation, we 
get an action potential. 1-3, end plate potentials which fail to reach 
the threshold for excitation; 4, end plate potential which reaches the 
threshold and leads to an action potential.
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the motor neurons. It is transported along the axon for being 
packaged into vesicles in the axon terminal. Fresh synthesis of 
vesicles takes place in the cell body of the motor neuron in the 
Golgi complex. The vesicles are transported along the axon to 
the axon terminal.
 After its release from vesicles acetylcholine diffuses into 
the synaptic cleft. It has very little time for attaching to the 
receptors in the postsynaptic membrane. The reason is that the 
synaptic cleft also contains an enzyme acetylcholinesterase 
which hydrolyses acetylcholine into acetate and choline. This 
is a useful step because it pre vents undue prolongation of the 
action of acetyl choline. After hydrolysis, choline is transported 
back into the axon terminal. Choline is precious and therefore 
needs to be conserved and recycled. On the other hand acetyl 
CoA is a ubiquitous material. The vesicle membrane fuses 
with the presynaptic membrane during the release of acetyl-
choline. But after that the vesicle membrane is reco vered from 
the region of fusion and recycled for forming vesicles. The 
empty vesicles are refi lled with the help of freshly synthesized 
acetylcholine.
 In short, acetylcholine released during neuromuscular 
transmission is continually replenished. Choline and the vesi-
cle membrane are recycled to a considerable degree while ace-
tate is not.

Fatigue at the Neuromuscular Junction
If the nerve supplying a skeletal muscle is stimulated repeat-
edly at a high frequency, after some time the response becomes 
progressively weaker, and fi nally the muscle does not contract 
at all. Such a muscle is said to be fatigued. On further inves-
tigation the site of fatigue is found to be at the neuromuscu-
lar junction. Fatigue at the neuromuscular junction is thought 
to be due to inability of the synthesis of acetylcholine to keep 
pace with its release and hydrolysis. Neuromuscular junction 
is unlikely to be the site of fatigue in the intact organism. The 
complex subject of fatigue in the intact organism will be dis-
cussed in Chapter 11.8.

Denervation Sensitivity
Sarcolemma at the endplate is not only depressed below the 
surface and thrown into folds but also has an extremely high 
concentration of acetylcholine receptors. That is why only 
the endplate region can be stimulated by acetylcholine while 
at other points the muscle fi bre may be stimulated only elec-
trically. But after injury to the motor nerve fi bres supplying a 
skeletal muscle the acetylcholine receptors appear all over the 
sarcolemma. As a result the muscle becomes highly sensitive to 
acetylcholine. The phenomenon is known as denervation sen-
sitivity. After the appearance of denervation sensi tivity even 
small amounts of circulating acetyl choline are able to stimulate 
the muscle, giving rise to weak disorganized contractions of 
single muscle fi bres known as fi brillation. After regeneration 
of the injured nerve fi bre, if reasonably successful innervation 
of the muscle takes place, acetylcholine receptors again get 
concen trated at the neuromuscular junctions.

PHARMACOLOGY OF NEUROMUSCULAR 
TRANSMISSION

A large variety of chemicals facilitate or block trans mission 
at the neuromuscular junction. The action of these chemicals 
may be best understood on the basis of the physiology of neu-
romuscular transmission. Many of these chemicals are of great 
clinical importance.
 The division of chemicals which facilitate and those 
which block transmission is somewhat imperfect because 
prolonged or excessive action of the stimulants of neuro-
muscular transmission generally leads to a block. On the other 
hand, blockers may improve the trans mission under some 
circumstances.

Neuromuscular Blocking Agents
Neuromuscular blocking agents are very useful in surgery 
because they relax muscles by paralysing them. This reduces 
the dose of the anaesthetic agent necessary for surgery. The 
dose required is just that which will abolish pain. Deeper 
anaesthesia is required if one has to depend on the anaesthetic 
to relax the muscles also. A smaller dose of the anaesthetic 
is safer and quickly rever si ble. However, it is important to 
remember that neuro muscular blocking agents only paralyse 
the patient without affecting the ability to feel pain. If the 
anaesthetic is insuffi cient even to abolish pain, the patient will 
suffer from pain and not even be able to indicate it by a refl ex 
movement because he has been rendered completely motion-
less and speechless2 by the neuromuscular blocker. Such a 
patient not only suffers but may also register the rude, crude 
and lewd banter that sometimes goes on in the operation thea-
tre! Further, patients to whom neuro muscular blockers have 
been given need artifi cial respiration. (Why?).3

 Neuromuscular blocking agents are of two types: the depo-
larising type and nondepolarising type.

Fig. 11.4.3: Sequence of events in neuromuscular transmission (1-8).

2 Speech also needs skeletal muscles.
3 Respiratory muscles are also skeletal muscles. Paralysis of respiratory muscles leads to death within minutes.
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Depolarising Type Blockers
These agents act like acetylcholine (ACh) but are resistant to 
the action of acetylcholinesterase (AChE). Therefore their ini-
tial action is to depolarise and consequently stimu late the con-
traction of skeletal muscles. But persis tent depolarization leads 
to a block possibly due to inactivation of voltage-gated sodium 
channels (Chapter 3.2). An important member of this group of 
drugs is succinylcholine.

Non-depolarising Type Blockers
These drugs act by competing with ACh for the ACh receptors. 
They block ACh receptors but do not have the biological activ-
ity of ACh. By preventing ACh from attach ing to its receptors, 
these drugs block neuro mus cular transmission. However, since 
the block is competi tive, it can be overcome by an excess of 
ACh.
 Important members of this group are curare and galla mine 
(Flaxedil). Curare is a plant product and is used by Red Indians 
as an arrow poison. If an animal is hit by an arrow poisoned 
with curare at its tip, the animal gets paralysed and dies of res-
piratory failure within minutes.

Acetylcholinesterase Inhibitors
Drugs which inhibit AChE allow ACh released at neuromuscu-
lar junctions to accumulate instead of getting hydrolysed and 
recycled. Accumulation of ACh initially leads to widespread 
muscular contraction followed by paralysis due to a depolari-
zation block. AChE inhibitors are also of two types: reversible 
and irreversible.

Reversible AChE Inhibitors
These agents are competitive inhibitors of AChE. The block 
can be overcome by curare which can compete with ACh for 
ACh receptors and thereby reduce the intensity of the action 
of accumulated ACh at the neuromuscular junction. Important 
examples of this group are physostig mine (a plant product also 
called eserine) and its synthetic analogue, neostigmine.

Irreversible AChE Inhibitors
These agents bind AChE so tightly that the block is virtually 
irreversible. Some insecticides, e.g. parathion, malathion and 
Baygon, and some agents (nerve gases) which may be used in 
chemical warfare belong to this group. Poisoning with these 
agents may initially lead to convulsions and laryngeal spasm 
due to muscular contraction followed by paralysis of respira-
tory muscles and consequent death.

MYASTHENIA GRAVIS
Myasthenia gravis (mys, muscle; astheneia, weakness) is a 
disease characterized by profound muscular weakness. Many 
patients having the disease carry antibodies to ACh receptors in 
the circulation. This observation suggests that it is an autoim-
mune disease in which the body tends to destroy or neutral-
ise its own ACh receptors. The patient is usually at his best in 
the morning and worsens as the day progresses. The reason is 
that ACh synthesised through out the night can be utilised in 

the morning. Excess of ACh can overcome the block produced 
by the antibodies. But that degree of excess of ACh cannot 
be maintained throughout the day, and hence the patient gets 
weaker.
 Weakness of levator palpebrae superioris muscle (muscle 
of the upper eyelid) leads to drooping eyelids, which is an 
early and prominent sign. The disease res ponds dramatically 
to AChE inhibitors such as neostig mine. AChE inhibitors allow 
ACh to accumulate at neuro muscular junctions. High concen-
trations of ACh are able to displace antibodies from the ACh 
receptor-antibody complex and thereby overcome the neuro-
muscular block.
 The situation in myasthenia gravis bears a striking resem-
blance to that after administration of curare (Fig. 11.4.4). In 
both cases there is a competitive blockade at the ACh receptor 
level which can be overcome by AChE inhibitors. In contrast, 
note that the block produced by AChE inhibitors may be over-
come by curare as discussed earlier.

QUESTION AND PROBLEM
1. What is the rationale behind the use of Calabar bean as a lie 

detector by some native tribes of West Africa?

ANSWER AND SOLUTION
1. Calabar bean contains physostigmine, an AChE inhibitor. 

It is given to suspected criminals by some native tribes of 
West Africa under the belief that if the accused is innocent, 
nothing will happen to him; but if he is guilty he will suffer 
and may even die. The reason why this does often happen 
is that the innocent person consumes it rapidly because he 
is confi dent that nothing will happen to him. Rapid con-
sumption leads to local gastric irritation (possibly due to 

Fig. 11.4.4: Elementary pharmacology of neuromuscular transmission. 
Note the similarity between myasthenia gravis and the effect of 
curare. Observe that depending on the circumstances, curare as 
well as AChE inhibitors might either block or improve neuromuscular 
transmission. ACh, acetylcholine; AChE, acetylcholine esterase.
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accumulation of ACh at parasympathetic postganglionic 
nerve endings in the stomach) and the person vomits out 
the bean extract. On the other hand the guilty person is 
scared and apprehensive about the suffering that will fol-
low. Therefore he takes it in small sips. That is why he 

suffers less gastric irritation, does not vomit, and the bean 
extract reaches his small intestines and gets absorbed. The 
result is that he suffers the toxic effects of AChE inhibition. 
Quite appropriately Calabar beans are also called ordeal 
beans.
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11.5
Contraction of
Skeletal Muscle

The message of activation that a motor nerve fi bre brings to 
a muscle fi bre is expressed in the form of an action potential 
generated at the motor end plate. The action potential is prop-
agated along the muscle fi bre membrane (sarcolemma) and 
leads to contraction of the muscle fi bre. The action potential 
is an electrical phenomenon while contraction is a mechanical 
process. The chain of events that links electrical excitation of 
the muscle fi bre with its contraction is known as excitation-
contraction coupling.

EXCITATION-CONTRACTION COUPLING
Contraction of a skeletal muscle fi bre follows within 1-2 ms 
of excitation. This is possible due to an extensive system of 
communication.

Spread of Excitation
Electrical excitation spreads to the interior of the muscle fi bre 
by means of the transversely oriented T-tubules which are 
formed by invagination of the sarcolemma (Chapter 11.3). 
Since T-tubules dig deep into the muscle fi bre, encircle every 
myofi bril, and are repeated at every A-I junction, they conduct 
the action potentials through out the length and breadth of the 
muscle fi bre within a very short time.

Release of Calcium
The smooth endoplasmic reticulum of muscle fi bres is modi-
fi ed to form a notwork of tubules which demarcate the myofi -
brils. The network is known as the sarcoplasmic reticulum 
(Fig. 11.3.2). At the A-I junctions the sarco plasmic reticulum 
comes close to the T-tubules. At these places tubules of the sar-
coplasmic reticulum are enlarged to form sac-like structures 
known as cisternae. A T-tubule with two cisternae—one on 
either side—is known as a triad. When an action potential trav-
els along a T-tubule and is close to the triad, it induces a confor-
mational change in voltage-sensitive molecules in the T-tubule 
membrane. These molecules have been named dihydro pyridine 
receptors (DHPR). Depolarization-induced conformational 
change in DHPR leads to an interaction between DHPR and 
ryanodine receptors (RyR) in the cisternae. Cisternae are store-
houses of calcium ions and RyR function as calcium channels. 

DHPR-RyR interaction leads to release of calcium ions from 
the cisternae (Fig. 11.5.1). As a result, the calcium ion concen-
tration of the sarcoplasm increases about 1000-fold.

Role of Calcium in Contraction and Relaxation
Calcium mediates the effect of excitation to the contractile pro-
teins of muscle. That is why increase in the concen tration of 
sarcoplasmic calcium leads to contraction. Relaxation is due to 
removal of calcium ions into the cisternae by active transport. 
An active calcium pump resides in the cisternal membrane 
which concentrates calcium ions in the cisternae. The pump is 
overpowered only momentarily during excitation by the open-
ing up of a large number of calcium channels.
 In order to understand how calcium ions bring about con-
traction it is essential to learn more about muscle proteins.

Muscle Proteins
There are four muscle proteins, the functional signifi cance of 
which is known in some depth.

Fig. 11.5.1: Excitation-contraction coupling. The wave of excitation 
spreads along the sarcolemma to its invaginations known as 
transverse (T) tubules (1). That leads to release of calcium ions from 
the terminal cisterns of longitudinal (L) tubules of the sarcoplasmic 
reticulum (2). Increase in sarcoplasmic calcium ion concentration 
triggers the contractile process leading to sliding of actin fi laments 
(Fig. 11.5.6).
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Myosin
Myosin is the protein that constitutes the thick fi laments. Each 
thick fi lament is made up of more than 200 myosin molecules. 
Each myosin molecule has two heavy chains (M.W. 200,000 
each) and two light chains (M.W. 20,000 each). The heavy 
chains have a helical structure (Fig. 11.5.2). The two heavy 
chains of a myosin molecule form a double helical tail except 
at one end where the chains are bent away from each other. The 
bent portions form two short arms with a head at the tip. The 
arms and heads together form the cross bridges which play a 
crucial role in contraction. Each cross bridge has two points 
(hinges) where it can bend under suitable circumstances. One 
hinge is at the junction of the arm and the tail; the other is at 
the junction of the arm and the head. The two light chains also 
form a part of the head.
 Myosin participates in the contractile mechanism and also 
acts as an ATPase. As an ATPase it breaks down ATP to release 
energy for the process of contraction.

Actin
Actin is the major protein of the thin fi laments. Each actin 
fi lament is a double helix (Fig. 11.5.3). Each coil of the helix 
(fi brillar or F-actin) is a polymer of globular subunits (G-actin). 
Each G-actin monomer has a M.W. of 42,000. The actin fi la-
ments carry ADP molecules at regular intervals. ADP mol-
ecules are believed to be the active sites which interact with 
myosin cross bridges during the process of contraction.

Tropomyosin
Tropomyosin also forms a part of the thin fi laments. Each 
tropomyosin molecule (MW 70,000) is a doble helical struc-
ture, about 40 nm long and 20 nm in diameter. Tropomyosin is 
wrapped spirally around the actin fi lament. Since an actin fi la-
ment is about 1000 nm long, it takes several tropomyosin mol-
ecules to wrap one actin fi lament. Tropomyosin lies in the two 
grooves (180° apart) between the two F-actin coils which form 
the actin fi lament. Tropomyosin is believed to cover the active 
sites on the actin fi lament. However, if tropomyosin sinks 
deeper in the grooves between the actin coils, the active sites 
may be exposed. It is believed that the active sites are exposed 
in this manner during contraction.

Troponin
Troponin is a protein also associated with thin filaments. 
Unlike the elongated proteins discussed earlier, troponin (Tn) 
is a globular protein with three subunits: TnI, which has a 
strong affi nity for actin, i.e. the major protein of the I band; 
TnT, which has a strong affi nity for tropomyosin; and TnC, 
which has a strong affi nity for calcium. TnI, by virtue of its 
affi nity for actin, covers the active sites on actin fi laments. 
However, the number of troponin molecules is not enough for 
TnI to cover all active sites. Therefore it is believed that tropo-
myosin extends the inhibition of one molecule of troponin to 
several active sites. This is possible because the TnT subunit of 
troponin is attached to tropomyosin, and tropomyosin runs all 
along the length of the actin fi lament.

Fig. 11.5.2: A. Diagrammatic representation of structure of the myosin 
molecule. B. Diagram matic representation of arrangement of myosin 
molecules in the myosin fi lament.

Fig. 11.5.3: Diagrammatic representation of the molecular 
arrangement in a thin fi lament. G-actin, globular actin.

Calcium-Muscle Protein Interaction

Let us go back to the point where excitation of a muscle fi bre 
leads to release of calcium ions from the cisternae of the sarco-
plasmic reticulum. Calcium ions combine with TnC. The com-
bination alters the conformation of the troponin molecule. Since 
a part of the troponin molecule is attached to tropomyosin, 
alteration in the shape of troponin alters the position of tropo-
myosin. It has been postulated that tropomyosin sinks deeper 
in the groove between the two actin strands (Fig. 11.5.4). As 
a result, the active sites on actin are exposed. Exposure of the 
active sites leads to an interaction between actin and myosin. 
Since troponin triggers contraction in the presence of calcium, 
Ebashi has called troponin a calcium-dependent switch.

Actin-Myosin Interaction
It is believed that the interaction between the active sites on 
actin and the myosin heads leads to movement of the actin 
fi laments towards the centre of the sarcomere. The interac-
tion requires the presence of ATP and magnesium ions. ATP 
supplies the energy for the movement of actin fi laments. The 
breakdown of ATP to release energy is catalysed by myosin 
which acts as a Mg++ -dependent ATPase.
 It has been postulated that the interaction between actin and 
myosin resembles a ratchet (Fig. 11.5.5). After the active sites 
on an actin fi lement are uncovered, a myosin head attaches 
itself to each site. Powered by energy released by the hydroly-
sis of ATP, the myosin cross bridge moves at the hinges lead-
ing to movement of the actin fi lament. But it appears as if in 
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of a myosin head from one active site to another, some more 
movement of actin takes place. The process may repeat itself 
to move the actin fi lament further. Since the process involves 
sliding of the actin fi laments between the myosin fi laments it is 
called the sliding fi lament mechanism (Fig. 11.5.6).

CHARACTERISTICS OF MUSCLE CONTRACTION
We have so far discussed muscle contraction at the level of 
a single sarcomere. Now we shall study some characteristics 
of the contraction of a whole muscle and examine how they 
can be explained in terms of function at molecular and micro-
scopic level. This exercise will also lead to the discovery of 
some defects in the cross-bridge and sliding fi lament theories 
of muscle contraction.

Mechanical Model of Skeletal Muscle
Many mechanical characteristics of skeletal muscle were 
explained by means of two very similar models proposed by 
Hill in 1951 and Albert in 1956. These models are no longer 
very popular because of their shortcomings and because of our 
better understanding today of the real structures in muscle at 
molecular level. But it is still quite convenient to invoke these 
models because of their simplicity. These are basically three 
component models in which skeletal muscle is believed to have 
contractile elements, series elastic elements and parallel elastic 
elements (Fig. 11.5.8). Contractile elements are the fi laments 
which bring about contraction through their rearrangement, 
series elastic elements are mainly the tendons, and parallel 
elastic elements are the sarcolemmal and connective tissue ele-
ments disposed parallel to the muscle fi bres.

Motor Unit: The Unit of Contraction
Skeletal muscles are supplied by motor nerves. A motor nerve 
consists of several nerve fi bres. Each motor nerve fi bre is the 
axon of a motor neuron, the cell body of which lies in the 

Fig. 11.5.4: Calcium-muscle protein interaction. A. Resting state. 
Tropomyosin (Tm) blocks the interaction between actin and myosin. 
B. Active state. In the presence of calcium ions, the three subunits 
of troponin (TnT, TnC and TnI) bind to each other more tightly. As 
a result, tropomyosin (Tm) sinks deeper in the groove between the 
two actin strands. Hence the block is removed, and the actin and 
myosin can interact with each other. (Adapted from Cohen C. The 
protein switch of muscle contraction. Sc Am 1975; 233(5) : 36-45).

Fig. 11.5.5: The ratchet mechanism of contraction. A. Relaxed state. 
The actin fi laments slide closer to each other as a result of actin-
myosin interaction. B. During the interaction, the myosin molecule 
bends at the hinges, a and b. C. The myosin molecule is restored 
to its original shape but now it is attached to active site ‘2’ on the 
actin fi lament (instead of ‘1’). By a repetition of the process the actin 
fi laments can move still closer to each other.

the new position the myosin cross bridge is under strain. The 
strain is relieved by the heads getting unhooked from actin and 
quickly getting attached to new active sites. During this shift 

Fig. 11.5.6: Diagrammatic representation of a sarcomere to illustrate 
the sliding fi lament mechanism of contraction. A. Relaxed state. B. 
Contracted state.
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Excitation—Secretion Coupling

Muscles and glands form the basic effector organs which 
mediate the motor output of the brain. Although muscles 
contract while glands release a secretion, the molecular 
mechanisms by which they respond to neuronal signals 
are remarkably similar. Excitation of both types of effector 
organs is by a neurotransmitter delivered to them by nerve 
fi bres supplying them. In both cases, the neurotransmitter 
brings about depolarization of the target cell membrane. 
The depolarization is initially in the form of a graded, non-
propagated response, called end plate potential in case of 
skeletal muscle. In skeletal muscle, the end plate potential 
leads to an action potential. In a few glands also, the graded 
depolarization leads to an action potential (e.g. anterior 
pituitary cells and beta cells of the pancreas); in most it does 
not. The electrical response of the effector organ leads to 
an increase in intracellular calcium ion concentration. In 
glands, the increase in calcium ion concentration leads to 
the movement of secretary granules towards the cell mem-
brane, fusion of the secretory granule (vesicle) membrane 
with the cell membrane, and release of the secretion by 
exocytosis. The process linking excitation and secretion is 
similar to that linking excitation and contraction in muscle 
cells. Therefore it has been called excitation-secretion cou-
pling. You might have observed that the process also has 
a marked similarity with the process by which neurotrans-
mitter is released by nerve cells (Fig. 11.5.7). In that sense, 
release of the neurotransmitter is a special case of secre-
tion. The neuron is comparable to a gland cell, and the neu-
rotransmitter is its secretion.

Fig. 11.5.7: A. Exci tation-contraction coupling. B. Exci tation-secretion coup ling. C. Release of neurotransmitter. IC, intracellular calcium stores.

anterior column of the spinal cord. After entering the muscle 
belly, a motor nerve fi bre supplies several muscle fi bres. A 
motor neuron together with all the muscle fi bres supplied by 
it is called a motor unit (Fig. 11.5.9). The muscle fi bres of a 

Fig. 11.5.8: Mechanical model of skeletal muscle. CE, contractile 
element; PE, parallel elastic element; SE, series elastic element.

Fig. 11.5.9: A motor unit consists of a motor neuron together with 
the muscle fi bres which it innervates. The motor unit illustrated here 
has only fi ve muscle fi bres.

motor unit are scattered throughout the muscle belly. Therefore 
even when only the muscle fi bres of one motor unit contract, 
the whole muscle contracts. The larger the number of motor 
units activated, stronger the contraction.
 A muscle may be activated by activation of a variable 
number of nerve fi bres. Since the unit of activation is a nerve 
fi bre, the unit of contraction is a motor unit.
 The number of muscle fi bres in a motor unit varies from 2 
to several hundred. The precision with which the contraction 
of a muscle may be graded depends on the size of the motor 
unit. For example if a motor unit has 5 muscle fi bres, number 
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of muscle fi bres activated at a time may be 5,10,15,20 and so 
on. On the other hand, if a motor unit has 100 muscle fi bres, 
the number of muscle fi bres activated at a time may be 100, 
200, 300, 400 and so on. Clearly, if the motor unit is small, the 
strength of contraction can be altered in small steps. Muscles 
with small motor units, e.g. extraocular muscles of the eye-
ball, or muscles of the fi ngers, can achieve very fi nely graded 
contractions. On the other hand muscles of the leg have large 
motor units and therefore only poorly graded contractions. 
The size of motor units in a muscle seems to be related to the 
functional necessity for precision in grading of the contractile 
strength. Further, all the motor units in a given muscle are not 
exactly equal. During weak contraction of a muscle, only small 
motor units are activated. Stronger contraction is achieved by 
recruitment of progressively larger motor units.

Stimulus-Response Relationship
If an isolated muscle is stimulated experimentally, the con-
tractile response depends on the strength of the stimulus. Very 
weak stimuli which give no response are called subthreshold 
stimuli. As the strength of the stimulus is increased, it reaches 
a level which just elicits a contractile response. This stimulus is 
called the threshold stimulus. Stimuli stronger than the thresh-
old stimulus are called suprathreshold stimuli. Supra threshold 
stimuli give stronger contractions than the threshold stimulus. 
With an increase in the strength of suprathreshold stimulus, 
the strength of contraction keeps on increasing upto a certain 
point after which there is no further increase in the strength of 
contraction. The stimulus which just gives the maximum con-
traction is called the maximal stimulus. Supramaximal stimuli 
do not give a contraction stronger than the maximal stimulus 
(Fig. 11.5.10).
 The dependence of the strength of the contractile res ponse 
on the strength of the stimulus seems at fi rst to violate the all 
or none law followed by excitable tissues. But in fact skeletal 
muscle also follows the all or none law at cellular level. Each 
muscle fi bre either contracts with full force or not at all. But the 
number of muscle fi bres contracting at a time can be altered. 
Larger the num ber of muscle fi bres which contract, stronger is 
the contraction.
 If the nerve supplying a muscle is stimulated experimen-
tally, stronger the stimulus, larger is the number of nerve fi bres 
simulated. Larger the number of nerve fi bres stimulated, larger 
is the number of motor units stimulated. Larger the number of 
motor units stimu lated, larger is the number of muscle fi bres 
stimulated. Larger the number of muscle fi bres stimu lated, 
stronger is the contraction. In the intact body also, one way 
of regulating the strength of contraction is by regulating the 
number of active motor units.

Effect of Frequency of Stimulation on 
Contractile Response
The contractile response of a skeletal muscle to a single brief 
stimulus is called a simple muscle twitch. The duration of a 
twitch varies from 20 ms to 200 ms depend ing on whether it is 
a fast or a slow muscle. If the muscle is stimulated repeatedly 
such that successive stimuli are applied after the refractory 
period of the previous stimulus is over, each stimulus gives an 

individual res ponse. The individual contractile responses to 
repeti tive stimuli may be partly or completely fused depend  ing 
on the frequency of stimulation (Fig. 11.5.11). Accor dingly the 
phenomenon is called incomplete or complete tetanus.
 The maximal tetanic tension is higher than the maximal 
twitch tension. One reason for this perhaps is that in case of 
a twitch the contractile effort is partly utilised for stretching 
the series elastic elements. Successive stimuli fi nd these ele-
ments already stretched, and therefore the entire force is spent 
on increasing the tension. Another reason may be that calcium 
ions released from the cisternae into the sarcoplasm may not 
be pumped back into the cisternae in the short interval between 
successive stimuli. The higher levels of sarcoplasmic calcium 
levels achieved by multiple stimuli may lead to greater inter-
action between actin and myosin, and hence greater force of 
contraction.
 In the intact body also, another way of regulating the 
strength of contraction is by regulating the frequency of activa-
tion of motor units. However, even at low frequen cies of acti-
vation, contraction in the intact muscles is not jerky as seen 
experimentally (Fig. 11.5.11). The smoothness is achieved by 
asynchronous activation of different motor units. Jerky con-
tractions of a large number of individual motor units together 
produce the effect of a smooth contraction (Fig. 11.5.12).

Isometric and Isotonic Contraction
Isometric (isos, equal; metron, measure) contraction means 
contraction in which there is no change in length of the muscle 
but there is increase in tension. As you might have observed 
there is an internal contradiction in the term ‘isometric contrac-
tion’. How can a phenomenon be called contraction unless it 
is accompanied by a reduction in length? But here the word 
contraction only means mechanical activation of the muscle. 
Mechanical activation of a muscle may give rise to a reduction 
in length or increase in tension, or both. In isometric contrac-
tion reduction in length is prevented; hence the only thing that 
can happen is increase in tension. Experimentally, isometric 
contraction is studied by fi xing both ends of the muscle rig-
idly. One of the ends is connected to a force transducer so that 

Fig. 11.5.10: Stimulus-response relationship in skeletal muscle. For 
stimulus intensities between the threshold and maximal, the strength 
of contractiaon shows a continuous gradation due to progressive 
recruitment of additional muscle fi bres.
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the tension generated can be recorded (Fig. 11.5.13). Can you 
think of some situations in everyday life which involve isomet-
ric contraction of skeletal muscle? The commonest situation 
is the isometric contraction of postural muscles. An example 
easier to understand is the contraction of muscles of the upper 
limb when trying to push a wall.
 How can isometric contraction be explained on the basis of 
the sliding fi lament theory. If fi laments slide and sarcomeres 
shorten, how is it that the muscle as a whole does not shorten? 
A complete and fi nal answer to this question is not known. 
What possibly happens during isometric contraction is that 
all sarcomeres do not shorten simultaneously. The sarcomeres 
which shorten do so by stretching those which do not. In addi-
tion, the series elastic elements of the muscle also get stretched 
during isometric contraction.
 Isotonic contraction (isos, equal; tonos, tension) means 
contraction in which there is change of length at constant 
tension. The tension is equal to the weight lifted during con-
traction of the muscle. Experimentally isotonic contraction is 
studied by fi xing one end of the muscle and attaching the other 
end to a lever from which some weights may be suspended 
(Fig. 11.5.14). The weights may be acting on the muscle all the 
time (pre-loaded) or may load the muscle after the contraction 
begins (after-loaded). The performance of the muscle is better 
in the pre-loaded condition than in the after-loaded condition. 
“Better performance” needs some elaboration because it can 
mean several things. First, it means that the maximal tension 
developed is greater. Second, it means that for a given ten-
sion the degree of shortening is greater. Third, it means that 
the velocity of shortening is higher. Fourth, it means that in 
an experimental situation, the interval between the stimulus 
and the response (latent period) is shorter. Finally, in the intact 
organism it means that the same load may be moved through 
the same distance with less effort. The reason why the perform-
ance is better in the pre-loaded condition is that a pre-loaded 

Fig. 11.5.11: Response of a skeletal muscle to single and repetitive 
stimuli. A. Response to a single stimlus: the simple muscle 
twitch. B. Response to repetitive stimuli at low frequency: incomplete 
tetanus. C. Response to repetitive stimuli at high frequency: complete 
tetanus. St, stimulus signals.

Fig. 11.5.12: Diagrammatic representation of how asynchronous 
contraction of several motor units in incomplete tetanus results in a 
smooth contraction of the muscle. A. asynchronous contraction of two 
motor units. B. Fusion of the asynchronous contractions to produce 
a smooth contraction of the whole muscle.

Fig. 11.5.13: Recording an isometric contraction. Both ends of 
the muscle are rigidly fi xed and hence its length cannot change 
appreciably. The contractile tension acts on the transducer which 
transmits an appropriate signal to the recorder.
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muscle is in a stretched condition, and therefore its initial 
length is longer. Longer initial length increases the maximal 
tension. Secondly, in a pre-loaded muscle the series elastic 
elements are already stretched when the contraction begins. 
Therefore the contraction is utilized entirely and immediately 
for moving the load. In the after-loaded condition the initial 
contraction is utilized for stretching the series elastic elements 
of the muscle and after that the contraction starts acting on the 
load to be lifted. Therefore the rate of rise of tension is also 
higher in the pre-loaded condition.
 In everyday life isotonic contractions occur during every 
movement, and whenever a load is successfully lifted. Most 
of the loads are lifted in the after-loaded condition. But we 
instinctively prefer the pre-loaded condition when a very heavy 
load is to be lifted. For example, when a heavy suitcase is to be 
placed on a table, recall that you tend to let it hang from your 
hand fi rst before you lift it and put it on the table.
 Isotonic contraction can be easily visualised in terms of 
the sliding fi lament theory. Shortening of individual sarcom-
eres adds up to the shortening of the whole muscle. Since the 
volume of the muscle remains the same, decrease in length is 
accompanied by an increase in thickness of the muscle.

Work Output
Work done during muscle contraction is equal to the product 
of the force generated and distance moved. The force gener-
ated is equal to the load lifted in case of isotonic contraction, 
and equal to the tension generated in case of isometric con-
traction. The distance moved is equal to the degree of short-
ening in case of isotonic contraction. In isometric contraction 
there is no shorten ing, and therefore the distance moved is 
zero. Therefore, the product of force and distance is zero. But 
nobody who has tried pushing a wall will agree that the work 
done in isometric contraction is zero. The explanation lies in 
that in isometric contraction work is done internally within the 
muscle. The sarcomeres which contract pull the sarcomeres 
which do not, and thus work is done.

Length-tension Relationship in 
Isometric Contraction
If a muscle is removed from the body, it assumes a length 
called the resting length. The resting length is slightly shorter 
than the length of the muscle at rest in the body, i.e. the muscle 
is fi xed to its bony attachments in a slightly stretched state. 
Experimentally, the length of a muscle may be fixed at a 
desired level by varying the distance between the two points 
to which it is attached. Then the maximum tension developed 
during an isometric twitch at different muscle lengths may 
be studied. In such an experiment we observe the following 
(Fig. 11.5.15):
1. As a muscle is stretched beyond its resting length it devel-

ops tension even without stimulation. This is called rest-
ing tension. The resting tension increases steeply with an 
increase in the initial length of the muscle. Resting tension 
is mainly due to stretching of the series elastic elements, i.e. 
tendons, of the muscle.

2. When the muscle is stimulated with a supramaximal stimu-
lus at different initial lengths, it develops additional tension. 
What we record is the sum total of the resting tension and 

Fig. 11.5.14: Recording an isotonic contraction. The contractile 
tension is equal to the weight suspended. A. Pre-loaded condition. 
Note that the weight acts on the muscle and stretches it even before 
the contraction begins. B. After-loaded condition. The weight is 
supported by a screw. The weight would act on the muscle only after 
the lever moves up as a result of contraction.

Fig. 11.5.15: Length-tension relationship. Relationship between 
muscle length and contractile tension developed during isometric 
contraction. Muscle length has been indicated in term of L0, the 
resting length. Maximum active tension develops at a length about 
1.2 times the resting length, i.e. when the muscle is slightly stretched.
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the tension due to isometric contraction. This tension, called 
total tension, follows an N—shaped curve (Fig. 11.5.15).

3. The tension purely due to contraction, called active tension 
may be calculated by subtracting resting tension from the 
total tension. It is observed that maximum active tension 
develops at a length slightly longer than the resting length. 
Since the initial length in the living body is also slightly 
longer than the resting length, it means that the muscle is 
fi xed in the body at an optimum length. The active tension 
declines on either side of the resting length. No active ten-
sion develops at all if the initial length is less than 70% or 
greater than 180% of the resting length.

Molecular Basis of Length-Tension Relationship
The length-tension relationship may be explained in terms 
of the actin-myosin interaction during contraction. At an ini-
tial length smaller than the resting length, the actin fi laments 
overlap each other. Therefore the number of active sites avail-
able for interacting with myosin cross bridges is reduced 
(Fig. 11.5.16). At an intitial length equal to or slightly greater 
than the resting length (correspon ding to a sarcomere length of 
2-2.2 microns), maximum interaction is possible between the 
active sites on actin and myosin cross bridges. Hence the active 
tension deve loped is also the maximum. At initial lengths con-
siderably longer than the resting length the degree of overlap 
between actin and myosin fi laments is reduced. Hence their 
interaction is also reduced. As a result, the active tension 
developed is also less. At an initial length which is 180% of 
the resting length (corresponding to a sarcomere length of 3.6 
microns), there is no overlap between actin and myosin fi la-
ments. Hence the active tension developed is zero.

Force-velocity Relationship in Isotonic Contraction
It is a common observation that a heavy weight can be lifted 
only slowly while a light object can be swung at a high veloc-
ity. The velocity of contraction is inversely related to the 
force developed (or load lifted) during an isotonic contraction 
(Fig. 11.5.17).
 Mathematically,

(P + a) (V + b) = constant
where P is the load lifted, V is the velocity of contraction, and a 
and b are constants. In Fig. 11.5.17 you would observe that max-
imum velocity of contraction (Vmax) occurs when the muscle 
has to lift no load. On the other hand when the load becomes 
so heavy that the muscle cannot lift it (Po), the velocity of con-
traction becomes zero. Since with Po there is no shortening, 
the contraction is isometric. That is why twitch tension during 
isometric contraction is greater than any load that can be lifted 
during isotonic contraction. However, isometric tetanic tension 
is greater than isometric twitch tension. One way to explain 
this phenomenon is that during an isometric twitch, although 
there is no apparent shortening, some sarcomeres do shorten at 
the expense of others. During isometric tetanic contraction, the 
shortening of some sarcomeres at the expense of others takes 
place in response to the fi rst few stimuli. The subsequent stim-
uli lead to responses which truly involve no shortening of any 
sarcomeres. Therefore the entire force of contraction manifests 
as tension which is, consequently, higher.

Fig. 11.5.16: Molecular basis of length-tension relationship. Note that 
the relationship between sarcomere length and tension is similar to 
the length-tension relationship in the whole muscle. Given below is 
the arrangement of fi laments in the sarcomere at points A-D on the 
curve. Note that maximum tension develops at positions B and C 
when maximum cross-bridge interaction between actin and myosin 
is possible.

ENERGY SUPPLY FOR MUSCLE CONTRACTION

We have seen that the immediate source of energy for muscle 
contraction is ATP. But the ATP used must be replenished 
promptly if the contraction has to continue for any length 
of time because all the ATP in a muscle can provide energy 
for muscle contraction for only 1 s. The immediate source of 
replenishment of ATP is creatine phosphate.

Creatine phosphate + ADP  Creatine + ATP.
 Creatine phosphate is stored in muscle fi bres. But the creat-
ine phosphate stores in muscle get depleted comple tely in just 3 
s if the muscle is contracting maximally. For replenishment of 
creatine phosphate and ATP the next fuel, which can last much 
longer, is glucose. A muscle can get glucose from two sources 
: from the blood fl owing through the muscle, and from the 
breakdown of glycogen stored in the muscle. But the glycogen 
stores in muscle can also last only a few minutes. Therefore the 
only steady source of glucose is blood glucose which, in turn, 
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is replenished in the post-absorptive state by the breakdown of 
liver glycogen.
 The breakdown of glucose into low energy compounds 
(glycolysis) may be divided into two stages. One stage, up to 
the formation of the 3-carbon compound, pyruvic acid, yields 
only 2 molecules of ATP for each molecule of glucose broken 
down. But this stage does not need oxygen, and is therefore 
also known as anaerobic glycolysis. In the second stage, pyru-
vic acid is oxidised to carbon dioxide and water. This stage 
needs oxygen and is therefore known as aerobic glycolysis. 
Aerobic glycolysis yields much more energy than anaerobic 
glycolysis: another 34 molecules of ATP. Thus a total of 36 
molecules of ATP is obtained from the oxidative breakdown of 
each molecule of glucose (Table 11.5.1).
 The body stores of glucose and glycogen also cannot sus-
tain heavy exercise beyond 100 min. The reason why we can 
continue with exercise much longer is because the body has yet 
another fuel in reserve, i.e. fat. The fat stored in muscles and 
elsewhere can be broken down to yield free fatty acids which 
are a concentrated source of energy. Theoretically, amino acids 
can also be broken down to give energy but normally they are 
spared for protein synthesis. It is only in starvation conditions 
that protein reserves of the body are drawn upon for providing 
energy.
 To summarise, there is a chain of fuels to replenish the ATP 
which is broken down for muscle contraction. There is consid-
erable overlap in the stage at which different links in the chain 
become operative. For example, even brief bursts of contrac-
tion for which ATP and creatine phosphate suffi ce are eventu-
ally followed by breakdown of glucose for replenishment of 
creatine phosphate. Longer exercises for which enough glu-
cose is available in the body are also partly energised by break-
down of fat. As the duration of exercise increases, the propor-
tion of energy provided by fat increases, and that provided by 
carbohydrate decreases. Fats are a more concentrated source of 
energy in that they provide more calories per gram but they are 

less effi cient in that they provide less energy per litre of oxygen 
consumed. Also, the maximum rate of energy production is 
lower in case of fats than carbohydrates. That is perhaps the 
reason why the body shows a slight preference for using car-
bohydrates as compared to fats. In general, the higher the rate 
of energy production by a fuel, s6maller is the amount stored 
in the body (Fig. 11.5.18). Fuels with high rates of energy pro-
duction serve as immediate source of fuel whereas those with 
lower rates of energy production serve as energy stores.

Oxygen Debt
Oxygen requirement of exercising muscles increases as soon 
as exercise begins. Fortunately the very thought of exercise 
increases the cardiac output, muscle blood fl ow and pulmo-
nary ventilation to some extent (Chapter 11.8). But in spite of 
these anticipatory responses, the oxygen requirement generally 
exceeds oxygen supply at least in the initial period of exercise. 
In heavy exercise of a relatively short duration, the require-
ment may exceed the supply as long as the exercise lasts. This 
apparent impossibility is accomplished by generating energy 
through anaerobic metabolism. The end product of anaerobic 
glycolysis is pyruvic acid. Pyruvic acid is reduced to lactic 
acid utilising NADH generated during anaerobic glycolysis 
itself. That is why lactic acid may accumulate during exercise. 
Conversely, at the end of exercise the oxygen requirement 
diminishes abruptly, but oxygen consumption continues to be 
higher than these dimnished requirements for quite some time 
after the end of exercise (Fig. 11.5.19). During this period the 
oxygen defi cit incurred during the exercise is made up.
 Here two terms—oxygen defi cit and oxygen debt— may 
be clarifi ed. The oxygen requirement in excess of the supply 
during exercise is called oxygen defi cit. The oxygen consump-
tion in excess of the resting requirement after exercise is called 
oxygen debt. The volume of oxygen debt is greater than that of 
oxygen defi cit. If we understand what the ‘oxygen debt’ oxygen 
is used for, the reasons for the difference between the volumes 
of oxygen defi cit and oxygen debt would become clear. The 

Fig. 11.5.17: The relationship between force (load) and velocity of 
shortening. Vmax is the maximum velocity of shortening observed 
when the muscle lifts no load. As the load increases, the velocity of 
shortening decreases. Finally, when the load becomes Po the velocity 
of shotening is zero, i.e. the contraction becomes isometric.

Table 11.5.1: ATP Yield from Glycolysis

 Molecules of ATP per molecule
 of glucoseStep

 Consumed Produced Net yield

Anaerobic metabolism
Glucose ® Pyruvic acid 2 4 2
Aerobic metabolism
NADH produced in anaerobic
glycolysis 2* 6** 4
NADH produced in Krebs cycle - 24 24
FADH2 produced in Krebs cycle - 4 4
Decarboxylation of alpha-
 ketoglutarate in Krebs cycle - 2 2

 Total: 4 40 36
* 1 molecule of ATP may be consumed in transporting one mol-

ecule of NADH from the cytoplasm into the mitochondria.
** 1 molecule of NADH yields 3 molecules of ATP during oxidative 

phosphorylation. One molecule of glucose gives two molecules of 
pyruvate; hence all fi gures have been multiplied by 2.
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lactic acid. Most of the lactic acid is fi rst converted into pyru-
vic acid, thereby regenerating the NADH that had been used 
up to form lactic acid. Then pyruvic acid is oxidised to carbon 
dioxide and water in the Krebs cycle. The oxidation of NADH 
generated during anaerobic glycolysis, as well as the reactions 
of the Krebs cycle, need oxygen. If these were the only proc-
esses for which oxygen debt were to be used, it would be nearly 
equal to the oxygen defi cit. But there are some additional proc-
esses which utilise the oxygen debt. First, the rise in body tem-
perature during exercise directly stimulates the metabolic rate 
and hence the oxygen consumption. Secondly, adrenaline and 
noradrenaline released during the exercise also stimulate the 
metabolic rate directly, and consequently the oxygen consump-
tion. Finally, the pulmonary ventilation and cardiac output do 
not come down to the resting level abruptly at the end of exer-
cise. Since these functions continue to be above the resting 
level for some time, the respiratory muscles and heart continue 
to consume extra oxygen after the exercise, thereby contrib-
uting to the oxygen debt. Besides these factors there may be 
several still unknown processes which contribute to the oxygen 
debt.

HEAT PRODUCTION IN MUSCLE
From a biochemical point of view, heat production by a tissue 
is a by product of energy expenditure. Energy is spent prima-
rily for staying alive and for specifi c functions of the tissue 
concerned. But since the utilization of energy is not perfect, 
part of the energy released in the tissue is dissipated as heat. 
Muscle is a tissue, the energy expenditure of which differs 
markedly at rest as compared to that during activity. Therefore 
although an unstimulated muscle produces heat, the heat pro-
duction increases during and immediately after contraction. 
The amount of heat produced is extremely small during any 
phase but is of great theoretical and historical interest. The heat 
production was fi rst measured very accurately by A.V. Hill in 
1939, long before the molecular basis of contraction had been 
worked out. On the basis of heat production Hill had deduced 
many aspects of muscle function which have been borne out by 
subsequent research. Heat produced during different stages of 
rest and activity is designated by specifi c terms, some of which 
are confusing or ambiguous.

Resting Heat
Resting heat is the heat produced in unstimulated muscle and 
refl ects energy metabolism in the resting muscle. A resting 
muscle needs energy for the vital processes of life, specially for 
operating the sodium pump to maintain the resting membrane 
potential.

Activation Heat
Activation heat is the heat produced in stimulated muscle 
before shortening. It is likely to be a by product of the energy 
spent on release of calcium from the terminal cisternae, bind-
ing of calcium to troponin, and the uptake of released calcium 
by the sarcoplasmic reticulum. The last named process begins 
as soon as calcium is released and accounts for about half of 
the activation heat.

Fig. 11.5.18: Relationship between maximum rate of energy 
production by a fuel and the time in which it gets depleted if used at 
the maximum rate. Observe that higher the rate of energy produc-
tion, smaller is the amount of the fuel stored in the body. (Data from 
Lamb DR. Physiology of Exercise. New York: Macmillan, 2nd Edition, 
1984: 71, Table 5.3).

Fig. 11.5.19: Oxygen debt. Oxygen uptake (continuous line) takes 
some time to reach a steady state value during exercise, whereas 
oxygen requirement (dotted line) rises immediately on starting the 
exercise. Hence an oxygen debt, D1, is incurred. After the end of 
exercise, oxygen requirement falls immediately but oxygen uptake 
takes some time to reach the resting value. During the recovery period 
the oxygen debt is paid back (D2). A. mild or moderate exercise, in 
which the oxygen uptake during steady state is equal to the oxygen 
requirement. B. severe exercise, in which the oxygen uptake even 
during the steady state is less than the oxygen requirement. This 
happens in situations in which the oxygen requirement during exercise 
exceeds the maximum oxygen uptake capacity of the subject.

early phase of oxygen debt is utilized mainly to replenish 
oxygen stores, such as the oxygen bound to myoglobin. These 
stores get depleted during the early phase of oxygen defi cit. 
The late phase of oxygen debt is utilised mainly to oxidise 

11.5.indd   53111.5.indd   531 8/25/2010   11:28:34 AM8/25/2010   11:28:34 AM



SE
C

T
IO

N
 1

1
: 
N

er
ve

, 
M

u
sc

le
 a

n
d
 W

o
rk

 P
h
ys

io
lo

g
y

532

 There is also a term, initial heat, which is best avoided 
because some authors use it as a synonym for activation heat 
while others use it to imply the sum of activation heat and 
shortening heat.

Shortening Heat
As the name indicates, this is the heat associated with short-
ening. The amount of shortening heat depends on the degree 
of shortening and the velocity of shortening. Since there is no 
shortening in isometric contraction, there is no shortening heat 
associated with it. Shortening heat seems to be the by product 
of the energy spent on the ratchet mechanism involving myosin 
cross bridges and the active sites on actin fi laments.

Maintenance Heat
Maintenance heat is the heat produced during tetanus. It is 
partly made up of the activation heat associated with each 
stimulus and partly of the heat produced due to actin-myosin 
interaction.

Relaxation Heat
As the name indicates, relaxation heat is associated with relax-
ation. It is due to the energy expenditure associated with uptake 
of calcium by the terminal cisternae.

Recovery Heat or Delayed Heat
This is due to the additional heat spent over and above the 
resting heat after contraction and relaxation are over. This is 
due to restoration of the resting state. Replenish ment of the 
energy stores of the muscle and correction of the slight imbal-
ance in sodium and potassium concen tration brought about by 
the action potentials need energy expenditure. Consequently 
these processes also lead to dissipation of heat. Although these 
processes go on side by side with contraction, they also con-
tinue for some time afterwards, specially in case of a prolonged 
contraction.

ELECTROMYOGRAPHY
Electromyography (EMG) is a non-invasive technique by 
which the electrical activity of muscles can be studied not only 
for research purposes but also for clinical diagnosis.

Equipment
The basic equipment for EMG consists of electrodes, a high-
gain amplifi er with a selectivity for frequencies from about 10 
to 5000 Hz, and an arrangement for recording the output.
 The electrodes may be disc or cup electrodes applied to 
the surface of the body. ECG electrodes, which are commonly 
available, are often satisfactory also for EMG. They are applied 
using an electrode jelly and pressure to secure a low resistance 
contact with the skin. The advantages of surface electrodes are 
that they are con venient and painless, and give a global pick-
up. The dis advantage of these electrodes is that they can be 

employed to monitor the activity of only superfi cial muscles 
and the widespread pick-up reduces precision. When more 
precision is required, as is often the case in research, insertion 
electrodes are used. Insertion electrodes may be wire or needle 
electrodes. A large variety of these has been devised but their 
description is beyond the scope of this book. Only one type—
fi ne wire electrodes—may be mentioned briefl y here. A fi ne 
wire, insulated except at the tip, is passed through a 27 gauge 
needle. The bare tip of the wire is bent to form a hook near the 
tip of the needle. The needle is inserted into the muscle and 
then pulled out. Because of the hook at the tip of the wire, the 
wire stays in the muscle. At the end of the procedure, however, 
even the wire can be pulled out with a little jerk without much 
pain or injury. The procedure seems traumatic but is said to be 
actually quite painless and tolerable.
 Irrespective of the type of electrodes used, one may use a 
bipolar arrangement (two active electrodes near each other) or 
a monopolar arrangement (one active electrode and one indif-
ferent electrode a considerable distance away).
 The amplifi er is commonly a part of an EMG machine 
which also includes an ink recorder. The ink recorder is con-
venient but not ideal for the higher frequency EMG signals. 
For a more faithful recording of the higher fre quen cies, the 
amplifi er may be connected to an oscillo scope. The oscillo-
scopic traces may be photo graphed or stored on magnetic tape. 
In addition, the EMG signals may be fed to an audio unit for an 
on-the-spot feel of the signals.
 Finally, the EMG is best done in a specially constructed 
shielded room to prevent interference due to extraneous elec-
tromagnetic and electrostatic forces.

EMG Signals
There are three type of signals which may be observed in an 
EMG. If an insertion electrode is used, there is a signal at the 
time of insertion and whenever the electrode moves. These 
signals have nothing to do with physio logical activity of the 
muscle, and may therefore be ignored. The second type of sig-
nals are those in a muscle at rest. These signals are sometimes 
considered to be evidence of neuromuscular activity when the 
muscle is apparently at rest. This activity has been considered 
to be the basis of muscle tone. But now it is known that if a 
person voluntarily tries to relax a muscle completely, he can 
achieve complete EMG silence. However, EMG silence is not 
associated with complete abolition of muscle tone. The tone 
that can still be felt is due to the natural elasticity of the muscu-
lar and fi brous tissue.1 The third type of EMG signals are those 
associated with voluntary contraction. The basic unit of these 
EMG signals is called the motor unit action potential (MUAP), 
or simply the motor unit potential (MUP).

Motor Unit Potential
In order to understand why a normal or abnormal EMG looks 
as it does, it is very important to understand the genesis of 
motor unit potentials (MUP).

1 You might recollect from Chapter 11.4 that small amounts of acetylcholine are continually released at neuromuscular junctions and are responsible for 
miniature end plate potentials (MEPP). However, MEPP are too weak to be recorded in an EMG and as you know MEPP do not lead to contraction. 
Therefore random and continuous release of acetylcholine cannot contribute to muscle tone.
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Biphasic or Monophasic

Whether an action potential will give a biphasic or monopha-
sic record depends on the recording arrangement.
 If we use bipolar electrodes, the record depicts the poten-
tial difference between the tips of the electrodes. To start 
with, a muscle (or nerve) fi bre is polarised, and both elec-
trodes are at the same potential (Fig. 11.5.20). As an impulse 
travels along the surface of the muscle fi bre, fi rst it reaches 
one of the electrodes (A), which makes A negative as com-
pared to electrode B, if the electrodes are extracellular, as 
in case of EMG. That gives an excursion in the record. Then 
the impulse reaches B, and both electrodes A and B are at 
the same potential (depolarisation potential). Accordingly 
the record returns to the baseline. Next, A repolarises 
while B is still depolarised. Now B is negative as compared 
to A, which gives an excursion opposite in polarity to the 
previous one. Finally, B is also repolarised, and points A and 
B are both at the same potential. Hence the record returns 
to the baseline. Thus a single action potential gives a biphasic 
record while travelling from one to the other member of a 
bipolar electrode pair.
In contrast, if we use a monopolar electrode, it records 
the absolute potential in the vicinity of the active electrode 
because the indifferent electrode is at a constant potential. 
To start with, the muscle fi bre is polarised, and the elec-
trode records a certain potential which becomes the base-
line (Fig. 11.5.21). When the action potential reaches near 
the electrode, the membrane is depolarised. Therefore, the 
electrode records an excursion. After the action potential 
has passed away from the vicinity of the electrode, the mem-
brane is repolarised and the record returns to the baseline. 
Thus a monopolar electrode gives a monophasic record.

Fig. 11.5.20: Recording biphasic potentials. The nerve impulse 
(shaded area, Imp) is characterized by reversal of the polarity of the 
membrane potential. As it moves from left to right, it passes fi rst under 
one electrode and then the other. The result is a biphasic record, as 
shown on the right. A-F, stepwise progression of the impulse and 
evolution of the biphasic record.

 To recapitulate, a motor unit consists of a motor neuron 
together with all the muscle fi bres which it innervates. The 
muscle fi bres belonging to a motor unit are scattered through-
out a portion of the muscle. On the other hand, in any given 
portion of a muscle, muscle fi bres belonging to 20-50 different 
motor units intermingle with each other.
 The unit of activation of a muscle is a motor unit, and the 
unit of activation within a motor unit is a muscle fi bre. Once 
a motor unit is activated, all muscle fi bres belonging to it are 
activated but not exactly simul taneously because of the varying 
distance that the nerve impulse has to travel to reach them. The 
electrical signal associated with the activation of a muscle fi bre 
is the action potential. An action potential generates an elec-
tromagnetic fi eld around it. An electrode anywhere in the fi eld 
detects the action potential: the intensity of the signal depends 
on the distance between the electrode and the muscle fi bre.
 Let us imagine a set of bipolar electrodes (Fig. 11.5.22). 
For simplicity, only four muscle fi bres belonging to a motor 
unit have been shown. When the motor unit is activated, action 
potentials in fi bres labelled 1 and 4 are generated slightly ear-
lier than in fi bres labelled 2 and 3. The time gap is because the 

Fig. 11.5.21: Recording monophasic potentials. A segment of the 
nerve fi bre has been injured (stippled area, Inj). The injured area 
cannot maintain the resting membrane potential. For simplicity, 
here it has been shown having a polarity opposite that of the resting 
membrane potential. The electrode placed on the injured area is at 
a constant voltage. As a result a nerve impulse (shaded area, Imp) 
gives a monophasic record, as shown on the right. A-D, stepwise 
progression of the impulse and evolution of the monophasic record.
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nerve impulse has to travel a shorter distance to reach the end 
plates on fi bres 1 and 4. On the other hand, the intensity of 
the action potential, as picked up by the electrodes, is higher 
in case of fi bres labelled 3 and 4 because the electrodes are 
nearer these fi bres. Bipolar electrodes give a biphasic record 
corres pon ding to each action potential. The four signals gene-
rated by the four fi bres have been drawn keeping these con-
siderations in mind. However, what we record in the EMG is 
a fusion of these four signals. As seen in the fi gure, although 
individual action potential signals are biphasic, the fused MUP 
is triphasic. When you are looking at an EMG record, you 
should visualise this type of fusion which is behind the com-
plex waves.
 The genesis of MUP, as explained in Figure 11.5.22, 
is a highly simplifi ed version of what actually happens. The 
number of fi bres in a motor unit is usually more than four. The 
number of motor units active simultaneously or almost simul-
taneously is often more than one. The muscle fi bres which gen-
erate electromagnetic fi elds within the pickup range of the elec-
trodes often belong to more than 100 motor units. Therefore 
the genesis of a real EMG is much more complex than shown 
in Fig. 11.5.22 but the principle remains the same.
 With this background, it is easy to understand the charac-
teristics of motor unit potentials. The magnitude of an action 
potential is more than 100 mV but the EMG electrodes are a 
considerable distance away from the muscle fi bres. Therefore 
the electrodes are exposed only to the electric fi eld generated 
by the action potentials. Hence the amplitude of an MUP is 

only about 500-3000 microvolts (0.5-3 mV). The duration fo 
an action potential is 1-2 ms but since different muscle fi bres 
in a motor unit do not fi re an action potential absolutely simul-
taneously, the duration of an MUP gets extended to 5-12 ms. 
Although a single action potential gives a monophasic or 
biphasic record, an MUP is typically biphasic or triphasic. 
Although the frequency of discharge in a single motor nerve 
fi bre rarely exceeds 50 Hz, the frequency of waves in an EMG 
showing normal motor unit potentials may extend upto 500 
Hz. In short, although MUP are derived from action potentials, 
their characteristics are quite different due to the fusion of a 
large number of action potentials originating in muscle fi bres 
belonging to several motor units situated at varying distances 
from the recording electrode(s).

Analysis of EMG
In view of its complexity, the EMG record generally needs 
some analysis for its interpretation. Experts usually depend to 
a considerable extent on qualitative analysis, i.e. visual inspec-
tion of the record. But for those not as well-versed with EMG 
records, many type of quantitative analyses are possible. A 
simple quantitative analysis in terms of amplitude, duration 
and frequency may be performed manually or with the help of 
a computer. Power spectrum analysis employs bandpass fi lters 
centered at 50 Hz, 200 Hz, 800 Hz and 1600 Hz to determine 
the ‘power’ of waves at selected frequencies. An integrator 
may be used for converting variables of amplitude, frequency 
and wave form into a single numerical fi gure.

Applications of EMG
EMG has been employed very profi tably in kinesiology to 
study accurately the degree and sequence of contrac tion of var-
ious muscles participating in a movement.
 EMG has also shown clearly the mechanisms employed 
by the body for grading the force of muscular contraction. The 
body employs two methods for increa sing the force of contrac-
tion : recruitment of additional motor units, and increase in the 
frequency of contraction of individual motor units. If a person 
is asked to gradually increase the force of contraction, initially 
only small motor units (i.e. having less muscle fi bres) are acti-
vated, as indicated by the small amplitude of MUP. Then larger 
motor units are also recruited. Next, recruitment of additional 
motor units and increase in the fi ring rate proceed simultane-
ously. Finally, some further increase in the fi ring rate is the 
only available method for increasing the force of contraction 
to the maximum. But in partial lower motor neuron paralysis 
initial small MUP do not appear because the large motor units 
survive better.
 EMG studies are also employed clinically to diagnose and 
follow up myopathies and responses of nerve and muscle to 
injury. Here two abnormal EMG signals may be mentioned : 
fi brillation and fasciculation potentials. Fibrillation is con-
traction of individual muscle fi bres. It cannot be seen through 
the skin. Fibrillation may follow denervation due to increased 
sensitivity to acetylcholine. Fibrillation potentials are 10-100 
microvolts in amplitude, 1-2 ms in duration, and have a fre-
quency of about 10 Hz. Fasciculation, on the other hand, is 

Fig. 11.5.22: Genesis of motor unit potential (MUP). For simpli-
fi catiaon, only four muscle fi bres belonging to a motor unit have 
been shown. If the recording electrodes are placed at R, the action 
potential in each muscle fi bre results in a signal, the strength of 
which is related to the distance between the muscle fi bre and the 
recording electrode. The action potentials likely to be recorded from 
fi bres 1 through 4 have been shown. These action potentials are 
biphasic as explained in Fig. 11.5.19. The action potentials 1-4 not 
only differ in magnitude, they may also differ in their timings. What 
we actually record in the EMG machine is an integrated poten tial (5) 
which represents the superposition of all action poten tials generated 
in fi bres belonging to the motor unit. The integrated potential is called 
motor unit potential (MUP).

11.5.indd   53411.5.indd   534 8/25/2010   11:28:35 AM8/25/2010   11:28:35 AM



C
H

A
PT

ER
 1

1
.5

: C
o
n
tractio

n
 o

f Skeletal M
u
scle

535

coarse contraction of individual motor units visible through 
the skin. Occa sionally fasciculation is seen even normally but 
more often it occurs in anterior motor neuron disease (e.g. 
poliomyelitis) or peripheral motor nerve injury. Fasci culation 
occurs as a result of additional nerve impulses generated in 
a diseased or dying axon due to ‘irritation’. However, after 
degeneration or atrophy is complete, fasciculation will cease. 
At this stage, fi brillation potentials may appear and persist till 

the muscle cell has also atrophied. Fasciculation potentials are 
more like MUP, being somewhat uncomplicated by simultane-
ous activity of several motor units. Fasci culation potentials are 
50-500 microvolts in amplitude, 2-4 ms in duration, and have a 
frequency of 2-20 Hz.
 To summarize, although EMG gives a bird’s eye view of 
activity in a muscle, it has numerous applications in physiolog-
ical and clinical research as well as in patient care.
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11.6
Physiology of

Smooth Muscle

Hollow organs such as the stomach, intestines, urinary blad-
der and the uterus, and tubular structures such as blood ves-
sels, have muscle tissue in their walls. This muscle serves the 
purpose of altering the lumen or shape of these structures. 
The alteration may be required for pushing or mixing the con-
tents of these structures. Such functions are not subject to vol-
untary control and may be required for long periods of time. 
Accordingly, the muscle lining the hollow structures is invol-
untary and its contraction is slow but sustained and forceful. 
This involuntary muscle tissue is also called smooth muscle 
because it lacks the striations seen in skeletal muscle, or vis-
ceral muscle because it lines the viscera. Although the struc-
ture and function of smooth muscle are considerably different 
from that of skeletal muscle, the basic principles are the same.

FUNCTIONAL ANATOMY
The basic unit of smooth muscle corresponding to a cell is 
called a muscle fibre. A smooth muscle fibre is a spindle 
shaped structure, 2-5 microns in diameter and 20-500 microns 
in length. Adjacent muscle fi bres are connected to each other 
by two types of connections: gap junctions which allow ionic 
movement between cells, and desmosomes which provide sta-
bility and cohesiveness to the tissue (Fig. 11.6.1).
 A smooth muscle fi bre is packed with thin actin fi laments 
and thick myosin fi laments (Fig. 11.6.2). Chemically, the actin 
and myosin of smooth muscle are similar to but not identical 
with those of skeletal muscle. The arrangement of actin and 
myosin fi laments is also similar to but not as well organized 
as in skeletal muscle. The number of actin fi laments is at least 
ten times that of myosin fi laments, not just double as in skel-
etal muscle. However, the arrangement is still compatible with 
cross-bridge cycling and sliding fi lament mechanism.

Fig. 11.6.1: Histology of smooth muscle A, longitudinal section; B, transverse section.

Fig. 11.6.2: Diagrammatic representation of the organization of 
cytoskeleton and myofi laments in smooth muscle. Note the similarity 
between the organization of thick and thin fi laments here and in 
skeletal muscle. Adjacent cells are coupled mechanically as well as 
electrically.

 The cytoskeleton is provided by dense bodies con taining 
the protein alpha-actinin. Some of the dense bodies are 
attached to the cell membrane while others are intra cellular. 
Dense bodies are kept in place by inter mediate fi brils made of 
a protein, desmin. Dense bodies correspond to the Z discs of 
skeletal muscle.
 Smooth muscle cells neither have T tubules nor a well 
developed sarcoplasmic reticulum. However, correspon d-
ing to the T tubules, some smooth muscle cells have sac-like 
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invaginations of the cell membrane called caveoli (Fig. 11.6.3). 
Most smooth muscle cells also have a sarcoplasmic reticu-
lum which varies from rudimentary to moderately developed. 
Its function is to concentrate calcium ions, as in the skeletal 
muscle.
 Neuromuscular junctions are not as well developed in 
smooth muscle as in skeletal muscle. The efferent nerve fi bres 
(sympathetic and parasympathetic) show multiple varicosities 
along their length. These varicosities are sites where Schwann 
cells are interrupted. The varicosities contain neurotransmitter 
vesicles. When the nerve fi bre is activated, the neurotransmit-
ter is released at a distance of 20 nm to a few microns from the 
muscle cell membrane. The neurotransmitter diffuses through 
the interstitial fl uid and interacts with the sarcolemmal recep-
tors to stimulate or inhibit muscle contraction.
 Besides the sympathetic and parasympathetic nerves, 
smooth muscle activity may also be regulated by an intrinsic 
nerve plexus, hormones, and several other physicochemical 
factors.

CLASSIFICATION
Smooth muscle at no two sites is the same. But conven-
tionally it is divided into two broad categories: single-unit and 
multiunit.

Single-Unit Smooth Muscle
This type of smooth muscle behaves as if the entire muscle 
mass is a single unit. The gap junctions between muscle fi bres 
are so generous that the impulse of activation can spread rapidly 

from one cell to another. Such an arrangement is also called 
a functional syncytium (syn, together; kytos, cell). Although 
single-unit smooth muscle has a nerve supply, the nerve supply 
only serves to modulate its activity. Even after denervation the 
muscle retains its activity, which can still be modulated to a 
considerable extent by hormones and intrinsic factors. Most 
smooth muscle, e.g. that of the gut, ureters, uterus, etc. is of the 
single-unit type.

Multiunit Smooth Muscle
Multiunit smooth muscle resembles skeletal muscle in that 
each muscle fi bre has independent nerve supply, and activation 
of a muscle fi bre does not lead to activation of its neighbouring 
fi bres. Autonomy and automaticity of multiunit smooth muscle 
is much less than that of single-unit smooth muscle. Classical 
examples of this type of smooth muscle are found in the ciliary 
muscles of the eye, iris and vas deferens.

ELECTROPHYSIOLOGY
The electrophysiology of smooth muscle is more complex than 
that of skeletal muscle and varies from one site to another. But 
the basic principles are the same as in other excitable cells 
(Chapter 3.2).

Resting Membrane Potential
There is no true resting potential in smooth muscle. The 
smooth muscle membrane is more permeable to ions even at 
rest than the skeletal muscle membrane. The result is that the 
resting potential is less, only about –60 mV. Further, it is unsta-
ble and can reach the threshold for excitation with a very weak 
stimulus or even ‘spon taneously’. Finally, the resting poten-
tial may show a rhythmic variation. The variation may reach 
the threshold for excitation during the phase of depolari sation. 
Alternatively, there may be a rhythmic variation in mechanical 
tone of the smooth muscle synchronous with the rhythmic vari-
ation in resting potential (Fig. 11.6.4).
 The underlying mechanism of the rhythmic variations 
in resting potential is not certain. It may be due to rhythmic 
variation in the activity of the sodium pump. When the pump 
is more active, the membrane is rela tively polarised; when 
the pump is less active, the membrane is relatively depolar-
ised. Alternatively, the variations in potential may be due to 
rhythmic changes in membrane conductance to sodium and 
calcium ions. When the conductance is high, entry of these 
positive ions into the cell would make the membrane relatively 
depolarised.

Action Potential
Action potentials in smooth muscle may be brief (called 
spikes) as in skeletal muscle, or prolonged, with a plateau, as in 
cardiac muscle. The spikes of smooth muscle have a duration 
of 10-50 ms which is considerably longer than that in skeletal 
muscle.

Ionic Basis of Action Potential
The depolarisation phase of smooth muscle action potential is 
predominantly due to calcium infl ux and only to a small extent 

Fig. 11.6.3: Smooth muscle cells may have sac-like invaginations of 
the cell membrane, called caveoli. Functionally, caveoli correspond 
to the tubules of skeletal muscle.
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due to sodium infl ux. Repolarisation in smooth muscle is also 
due to decrease in the infl ux of calcium and sodium, and effl ux 
of potassium ions. The entry of calcium during depolarisation 
not only makes a signifi cant contribution to the depolarisation 
but also switches on the contractile process. This is important 
because there is no well developed sarcoplasmic reticulum to 
release calcium ions into the sarcoplasm in response to depo-
larisation. Triggering contraction is a more important function 
of calcium ions than bringing about depolarisation. In smooth 
muscle it is possible to have contraction without an action 
potential but it is not possible to have contraction without a rise 
in sarcoplasmic calcium concentration.

MODES OF STIMULATION
Unlike skeletal muscle which normally gets stimulated only 
through activation of its nerve supply, smooth muscle may be 
stimulated in many ways, and sometimes even seems to con-
tract ‘spontaneously’.
 Smooth muscle does have a nerve supply, usually dual —
sympathetic and parasympathetic. The sympathetic nerve end-
ings usually release norepinephrine and parasympathetic nerve 
endings usually release acetyl choline. Activation of one type 
of nerve fi bres excites the smooth muscle, and activation of 
the other type inhibits the smooth muscle. Which type of nerve 
fi bres will excite and which will inhibit depends on the site 
of the smooth muscle. For example, sympathetic relaxes the 
lumen of the gut but constricts the sphincters.

 The reason why the response to the same neuro transmitter 
may be different at different sites is because the response 
depends on the neurotransmitter-receptor interaction. Different 
types of receptors for the same neurotransmitter may be present 
at different sites. The different type of cholinergic and adrener-
gic receptors have been discussed in Chapter 15.1.
 Whatever is the response of a smooth muscle to sympa-
thetic stimulation, generally same is the response to circulating 
adrenaline and noradrenaline.
 Besides neural stimulation and circulating hormones, a 
smooth muscle may be stimulated or inhibited by local factors 
such as changes in PO2, PCO2, pH or concentration of adeno-
sine, prostaglandins, histamine or serotonin. One factor which 
invariably elicits contraction of smooth muscle is stretch. 
Mechanical stretch somehow seems to lead to action potentials 
and consequently contraction. The response to stretch serves 
as an in-built regulatory mechanism. Stretch leads to contrac-
tion and thus prevents over-stretching. In the gut or the uterus, 
increase in contents stretches the walls, which leads to con-
traction, which in turn leads to propulsion or expulsion of the 
contents.

EXCITATION-CONTRACTION COUPLING
As in skeletal muscle, excitation-contraction coupling is medi-
ated by calcium ions. But unlike skeletal muscle, calcium ions 
may not be necessarily released from the sarcoplasmic reticu-
lum, and there is no troponin for calcium to react with.

Fig. 11.6.4: Diversity of relationship between membrane potential and force of contraction in smooth muscle. A. Each action potential is 
followed by a mechanical response. The relationship is similar to that seen in skeletal muscle. B. The membrane potential shows rhythmic 
changes. During the depolarization phase, there is a burst of action potentials. Each burst of action potentials is followed by a mechanical 
response. C. The membrane potential shows slow fl uctuations, which are associated with synchronous fl uctuations in tone. D. Addition of 
a neurohumour at the point indicated by the arrow leads to a mechanical response without any associated change in membrane potential.
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Increase in Sarcoplasmic Calcium
There are two sources from which calcium may enter the sar-
coplasm following excitation. One source is the sarcoplasmic 
reticulum, and the other is the extracellular fl uid.

Release of Calcium from Sarcoplasmic Reticulum
Since there are no T-tubules in smooth muscle, the link between 
excitation and release of calcium from the sarcoplasmic reticu-
lum is quite different from that in skeletal muscle. The excita-
tory neurotransmitter or hormone binds to its receptor on the 
sarcolemma. The receptor is coupled to a guanosine nucle-
otide binding protein (G-protein). The ligand-receptor interac-
tion leads to activation of phospholipase C. Phospholipase C 
breaks down the membrane phospholipid phosphatidyl inositol 
biphosphate (PIP2) into inositol triphosphate (IP3). Receptors 
for IP3 exist on the sarcoplasmic reticulum. Interaction of IP3 
with these receptors leads to the release of calcium from the 
sarcoplasmic reticulum. You might have observed that the 
mechanism is very similar to that employed by many hormones 
in other tissues as well where IP3 serves as the second mes-
senger. Also observe that the process is in no way dependent on 
depolarisation of the sarcolemma.

Infl ux of Calcium from the Extracellular Fluid
There are two mechanisms by which extracellular calcium may 
enter the smooth muscle fi bre to raise the sarcoplasmic calcium 
concentration.
 One of these mechanisms was referred to earlier1. You 
might recollect that action potential in smooth muscle is asso-
ciated with considerable infl ux of calcium. This is thought to 
be because threshold depolarisation leads to opening up of 
voltage-gated calcium channels in the sarcolemma. As a result, 
calcium ions enter the muscle cell leading to the depolarisa-
tion phase of the action potential. Thus calcium plays a dual 
role here. It is responsible for the action potential and also ini-
tiates the contractile process by raising sarcoplasmic calcium 
level. Observe that this mechanisms does not need a neuro-
transmitter or a hormone. This is possibly the mechanism by 
which stretch-induced or ‘spontaneous’ depolarisation leads to 
contraction.
 The second mechanism is not voltage-dependent. The 
neurotransmitter or hormone capable of exciting the smooth 
muscle combines with its receptor on the sarcolemma. The 

receptor is coupled to a G-protein. The G-protein, in turn, is 
coupled to a calcium channel in the sarcolemma. The ligand-
receptor interaction leads to the opening up of the calcium 
channels. These channels may be called chemically-gated 
because they can be opened by chemical stimulants. Opening 
of these channels leads to the infl ux of extracellular calcium 
into the muscle cell, thereby raising the sarcoplasmic calcium 
level.

Role of Calcium in the Contractile Process
In smooth muscle there is no troponin. Therefore calcium ini-
tiates contraction through a mechanism different from that 
employed by skeletal muscle. Smooth muscle contains a cal-
cium binding protein called calmodulin. Increase in sarcoplas-
mic calcium leads to its binding to calmodulin. The calcium-
calmodulin complex activates myosin kinase. Myosin kinase 
phosphorylates a light chain belonging to the myosin head. 
The phosphorylated myosin head interacts with actin. The 
interaction leads to contraction. The reversal of the contrac-
tile process depends on a reduction in sarcoplasmic calcium. 
The reduction is brought about by the calcium pumps in the 
sarcoplasmic reticulum membrane and sarcolemma which 
pump calcium into the sarcoplasmic reticulum and extracel-
lular fl uid respectively. Reduction in sarcoplasmic calcium 
level activates an enzyme myosin phosphatase. Myosin 
phosphatase dephosphorylates the myosin head, thereby ter-
minating the actin-myosin interaction. That, in turn, leads to 
relaxation.

CONTRACTILE PROCESS
We have seen above how increase in sarcoplasmic calcium 
leads to actin-myosin interaction. Now we shall see the nature 
of the actin-myosin interaction. The interaction is believed 
to be qualitatively similar to that in skeletal muscle. Myosin 
cross-bridges attach to actin fi laments. Myosin heads, besides 
having cross-bridge function, also serve as ATPase. Actin-
myosin interaction activates ATPase. Hydrolysis of ATP by 
ATPase releases the energy for cross-bridge movement which 
leads to sliding of actin fi laments and consequent generation of 
tension, or shortening.
 However, there are significant quantitative differences 
between the contractile processes of smooth and skeletal 

1 Do you remember it? It was given under the ionic basis of action potential. You should know what you know even when the context changes.

Table 11.6.1: Comparison of Contraction in Skeletal and Smooth Muscle

Characteristic Skeletal muscle Smooth muscle

Frequency of cross-bridge cycling High 0.3-10% of the frequency in skeletal muscle
Contraction-relaxation cycle Less than 0.1 s Generally 1-3 s
Maximum force of contraction 3-4 kg/cm2 4-6 kg/cm2

Maximum shortening By 33% of resting length By 67% of stretched length
 (To 67% of resting length) (To 33% of stretched length)
Energy requirement High 0.3-10% of skeletal muscle for the same tension
Length-tension relationship Present Similar to skeletal muscle
Force-velocity relationship Present Similar to skeletal muscle
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muscle. Since the amount of myosin relative to actin is very 
low in smooth muscle, myosin kinase, phosphatase and ATPase 
activities are also low. Hence the frequency of cross-bridge 
cycling is also much lower than that in skeletal muscle. That 
is, myosin cross-bridges, once attached to actin, stay attached 
for long periods of time. Since it is cross-bridge attachment 
which generates tension, the tension in smooth muscle is sus-
tained. That explains the slow development of sustained ten-
sion with very little expenditure of energy (or ATP) in smooth 
muscle. The quantitative comparison of skeletal and smooth 
muscle contraction has been shown in Table 11.6.1. As seen 

in the Table, smooth muscle is a very strong muscle, can gen-
erate high tension, and can achieve marked contraction with 
very little energy expenditure. But the price that it pays for its 
economy is the slowness of its performance. This combination 
of characteristics is just right for smooth muscle because the 
places where it is found generally need prolonged and some-
times very strong contraction. The speed of performance is not 
important and economy is always welcome. In fact, it would be 
diffi cult for the body to spend too much energy for sustained 
contractions in large muscle masses widely distributed in the 
body.
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11.7
Muscular Performance 
in the Intact Organism: 

Work Physiology

Muscular work in the intact organism involves the coopera-
tive activity of not only skeletal muscles but also at least the 
bones, joints and ligaments. The quality of their performance 
may be judged in terms of the range, speed and force of the 
movements, how long the move ments can be sustained or con-
tinued (endurance), and whether the movements are pain-free. 
A little refl ection would show how important in everyday life it 
is for muscular performance to be reasonably good. As in other 
physiological functions, muscular function also declines in old 
age. But so long as the movements remain pain-free, consid-
erable decline can be tolerated without getting signifi cantly 
handicapped. In other words, our capacity for physical work 
has a considerable physiological reserve. For reducing the age-
related decline in physical performance, the two most useful 
means are regular physical activity and optimal nutrition. Using 
the muscles and joints regularly keeps the muscles strong and 
joints fl exible. On the other hand, disuse promotes muscle atro-
phy and immobility of the joints. Good nutrition helps mus-
culoskeletal fi tness in at least three ways. First, by maintain-
ing optimal body weight, it pre vents undue wear and tear of 
the joints. Overweight taxes several joints, particularly the 
knees. Secondly, by supply ing adequate quantities of antioxi-
dants, good nutrition prevents reactive oxygen species-induced 
damage to joints. Finally, optimal nutrition also ensures a good 
muscle mass. Severe malnutrition leads to wasting of muscles. 
Yoga incorporates physical activity, sensible eating and many 
other favourable features of a healthy lifestyle. Yogic postures 
(asanas) are specially helpful in maintaining musculoskeletal 
fi tness because a judiciously chosen combination of asanas 
takes almost every joint of the body through its full range of 
movements in a gentle and safe manner.
 The scientifi c study of movement of the intact orga nism is 
an interdisciplinary fi eld which draws not only upon anatomy, 
physiology and orthopedics but also on physics and mathemat-
ics, and is called biomechanics.
 In this chapter we shall concentrate on a very mobile, 
extremely useful and yet highly vulnerable part of the skeleton, 
the spine. Understanding the spine is important for the preven-
tion and management of backache.

PATHOPHYSIOLOGY OF BACKACHE

Backache is an extremely common condition. About 70% of 
people experience backache at least once during their lives. 
From the evolutionary point of view, backache seems to be the 
price we have to pay for our erect posture. Although the erect 
posture imposes far greater demands on the back than in quad-
rupeds, the structure of the vertebral column has not yet under-
gone commensurate adaptive changes.1

 Although backache may occasionally be the symptom of a 
serious nerve root or spinal pathology, it is commonly due to 
mechanical causes, and hence the importance of understanding 
biomechanics of the vertebral column.

Biomechanics of the Vertebral Column
The vertebral column consists of a series of vertebrae separated 
from one another by intervertebral discs. The vertebrae get 
larger and heavier as we move from the cervical to the lumbar 
region. This is in keeping with the progressively larger load to 
which the lowest vertebrae are subjected. Further, the spine is 
not absolutely straight. It has a convexity forward in the neck, 
backward in the upper back, forward in the lower back, and 
again backward in the sacrum. The thoracic and sacral curves 
are due to the vertical heights of the anterior borders of ver-
tebrae being shorter than the posterior borders. But the cervi-
cal and lumbar curves are due to the interver tebral discs being 
wedge shaped. Therefore when subjected to excessive loads, 
the cervical and lumbar regions are more vulnerable: hence the 
pain is commonest in the neck and lower back.
 Movements of the spine involve various muscles and liga-
ments. Broadly speaking, fl exion of the spine is brought about 
by abdominal muscles while extension involves contraction 
of the medially placed back muscles. Laterally placed back 
muscles bring about lateral bending of the spine, and together 
with the abdominal muscles and iliopsoas, are also involved 
in axial rotation. How ever, in making the spinal movements 
smooth and safe, ligaments play an important role. Ligaments 
are moderately stretchable, and the extent to which they can be 
stretched imposes a safe limit on movement. The high tensile 

1 Which are the other reasons? You will fi nd the answer in the section on ‘Lifestyle’ below.
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strength of ligaments ensures that only extremes of excessive 
loads result in mechanical trauma.

Protective Role of Rib Cage and Muscles
The ribs join the vertebral column to the sternum forming a 
rigid cylinder. Similarly contraction of the abdominal and back 
muscles converts the abdomen into a rigid cylinder. By enlarg-
ing the cross-sectional area of the body, this reduces the pres-
sure on the vertebral bodies and intervertebral discs. In order 
to understand the impor tance of area, visualize yourself stand-
ing on sand, and lying down on sand. If you stand, your feet 
sink in; if you lie down, you hardly make a dent on the sand. 
Although the body weight is the same in both cases, the differ-
ence lies in the area through which it acts on sand. The area of 
feet is much smaller than that of the back. Therefore when you 
stand on sand the pressure (force per unit area) is much greater 
than when you lie down.
 Coming back to the back, the intervertebral discs have a 
very small cross-sectional area. Therefore when we lift a heavy 
weight, the discs can get subjected to a pressure greater than 
they can withstand. The reason why our discs still generally 
escape injury is that when we lift a heavy weight, the muscles 
of the back, the intercostals, the muscles of the abdominal wall, 
and the diaphragm undergo refl ex contraction. Contraction 
of all these muscles converts the rib cage and abdomen into 
nearly rigid cylinders. These cylinders incorporate the verte-
bral column and have a much larger cross sectional area than 
the intervertebral discs. Therefore if the load is shared by the 

large cylinders, the pressure on the discs is very much reduced. 
But you can understand that for effective sharing of the load, 
the abdominal and back muscles should be strong. That is why 
regular exercises aimed at strengthening these muscles are very 
useful in preventing backache.

Lifting Loads
Some biomechanical considerations are helpful in lifting loads 
safely.
1. Load remaining the same, the stress on the spine and back 

muscles is greater if the size of the load is larger. Hence, 
while travelling, it is helpful to fi t the luggage into smaller 
suitcases. First, it discourages us from carrying unnecessary 
things. Secondly, a given load is easier to carry if the size of 
the container is smaller.

2. While carrying the load, the centre of gravity of the load 
should be brought as close to the axis of the body as pos-
sible, to minimize the force of movement. The minimum 
momentum is achieved if the load is lifted with the knees 
bent, and the back straight (Fig. 11.7.1).

3. The movement during lifting the weight should be premedi-
tated and slow to allow time for refl ex con traction of the 
trunk muscles to occur. Sudden, jerky movements are more 
likely to cause trauma to the spine.

4. Trauma to the spine is more likely if lifting a weight is com-
bined with a turning or twisting movement. Therefore the 
person should fi rst face the direction of movement, and then 
lift the load.

Fig. 11.7.1: Incorrect (upper panel) and correct (lower panel) ways of lifting weights.
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Posture
It is interesting to know that the compressive pressure on the 
intervertebral disc at L3 is less in the standing than in the sit-
ting posture. That is one reason why backache is commoner 
in sedentary occupations involving sitting for long hours.2 
Further, in the sitting posture, the compres sive disc pressure 
at L3 is less when sitting erect than when slouching forwards. 
Minimum disc pressure in the sitting posture is achieved while 
sitting on a seat with a backrest which is inclined slightly back-
wards (110°) and is furnished with a lumbar support.

Driving
People who spend long hours driving (or just riding) a vehicle 
are more prone to backache. Apart from the fact that the car 
seat may not be the best possible in terms of its design, one 
more plausible explanation is that the frequency of vibration 
of many vehicles is 4-6 Hz, which is also the resonating fre-
quency of the spine.

Lifestyle
Although apparently a biomechanical problem, backache has 
now joined the group of chronic diseases attributable to a faulty 
lifestyle. Lack of physical exercise weakens the muscles of the 
back and abdomen, and thereby increases the compressive load 
on the intervertebral disc. Spending too much time in ‘comfort-
able’ reclining chairs in offi ces, living rooms and cars is also 
part of a sedentary affl uent lifestyle, with adverse implications 
for the health of the back, as discussed above. The same life-
style is also associated with excessive consumption of a high 
energy diet, leading to obesity. There is some evidence that 
obesity is associated with increased risk of backache. There is 
a consistent association between smoking and backache, and 
the association prevails even after accounting for other adverse 
lifestyle factors which may be commoner among smokers. The 
mechanism through which smoking possibly causes backache 
is by impairing disc nutrition, which in turn may be secondary 

to atherosclerosis and spasm of lumbar arteries. Thus the rela-
tionship is due to reasons similar to those which account for 
the association between smoking and coronary artery disease. 
Finally, mental stress seems to predispose to backache, and 
also aggravates the suffering due to backache. Hence lifestyle 
interventions, such as yoga, have an important place in preven-
tion and treatment of backache.

PREVENTION OF BACKACHE
Prevention of backache is based on the general principle that 
efforts should be made to:
a. Improve the capacity of the body to meet challenges, and
b. Minimize the challenges to the body.
 Measures which would help achieve either, or both, of 
these goals can be worked out on the basis of pathophysiology 
discussed above. Make your own list of preventive measures 
before looking at Table 11.7.1.

ERGONOMICS
Ergonomics (ergon, work; nomos, law) is an inter disciplinary 
science which draws upon the knowledge of anatomy, physiol-
ogy, psychology and engineering. Its aim is to achieve comfort 
and safety of the man at work, while at the same time opti-
mising productivity. It consi ders man to be a part of the man-
machine-environment complex, and tries to achieve the best fi t 
between a man and his job. Some examples of the issues dealt 
with in ergonomics are given below. They give an idea of the 
range and importance of this discipline.
1. It is important to fi t the man to a job and vice versa. No 

individual is perfect. Therefore nobody can do every job 
well, and that is not necessary. On the other hand, everyone 
can do some job well, and that is enough. Stephen Hawking 
has made possible spectacular advances in theoretical phys-
ics in spite of an extensively paralysed body. A physically 

2 This is a controversial statement. Similar affl ictions of the spine affect many quadrupeds as well.

Table 11.7.1: Prevention of backache

Etiological factor Preventive strategy Physiological basis

Weak back and abdominal muscles Appropriate exercises regularly Strengthens the back
Lifting loads Avoid heavy loads Reduces challenge
 Adopt proper technique Reduces effective load
 Do not turn or twist while lifting weight Reduces effective load
 Do not lift with a jerk Allows time for for refl ex contraction of 
  back and abdominal muscles
Bad posture Do not sit for too long Reduces compressive pressure at L3
 Sit erect 
 Use chair with lumbar support
Obesity Regular physical activity and appropriate diet Reduces challenge
Smoking  Do not smoke Improves disc nutrition by improving circulation 
  through lumbar arteries
Mental stress Relax mentally Improves disc nutrition
 Meditation Reduces suffering caused by backache
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strong but not very intelligent person may be perfect for a 
job which involves a heavy repetitive mechanical task such 
as lifting weights at the airport. A deaf person may be better 
than a person with normal hearing for working in a noisy 
factory.

2. Ideal work stations, work places, seats and tools are 
designed on the basis of anthropometric dimensions and 
handedness of the ‘average’ human being.

3. The displays and controls in an instrument, dashboard 
or cockpit are designed for easy visibility, legibility and 
manoeuverability.

QUESTIONS AND PROBLEMS
1. Which is better for a sedentary person: to sit erect without a 

backrest, or to sit in a well designed chair having a backrest 
with lumbar support?

2. Why are fl exion exercises avoided during backache?

ANSWERS AND SOLUTIONS
1. Sitting erect without a backrest imposes a relatively low 

compressive load at L3, and is therefore a healthy posture. 
It also involves some activity of thoracic, abdominal and 
back muscles, and therefore strengthens them. But pro-
longed sitting without a backrest can be tiring, and even 
painful for the back.

 On the other hand, a backrest with lumbar support reduces 
the compressive load at L3 further, and relieves the mus-
cles of activity. Therefore it is more comfortable than sitting 
without a backrest. But by eliminating muscle activity, it 
promotes their disuse atrophy.

 Thus both alternatives have pros and cons. The ideal prob-
ably is to keep alternating between both. One may spend as 
much time without a backrest as comfortable, and then use 
the backrest. When the body feels adequately relaxed, one 
may again discontinue the use of the backrest. Further, one 
may also take a break from sitting whenever appropriate. 
Standing and walking relieve the strain of sitting because 
the compressive load at L3 is less in the standing than in the 
sitting posture.

 A similar dilemma faces patients with backache who are 
prescribed a belt for lumbar support. The belt feels comfort-
able but also eliminates the need for contraction of back and 
abdominal muscles, thereby weakening the natural protec-
tion. The ideal again is to strike a balance: use the belt when 
necessary, but also be without it for some time to strengthen 
the muscles.

2. Flexion exercises should be avoided during backache to 
prevent stretching and damaging ligamentum flavum. 
Ligamentum fl avum extends from the second cervical to 
the fi rst sacral vertebra. Full fl exion of the spine leads to an 
increase of 35% in the length of the ligament. This much 
stretching of the ligament is undesirable in a traumatised 
back.
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11.8
Physiology of Exercise

Exercise is a period of enhanced energy expenditure by skel-
etal muscles. The enhanced energy requirement is met by 
increased activity of the normal energy delivery sys tems, prin-
cipally the cardiovascular and respiratory systems. Just the 
right increase in the activity of these systems at the right time is 
achieved by the regulatory systems of the body. Understanding 
how the body copes with the enormous metabolic challenge 
of exercise through a coordinated response involving several 
systems of the body is an instructive exercise in the physiology 
of regulation.
 Exercise may be looked upon as a self-imposed change 
in the internal environment. Accordingly, responses to exer-
cise have two aspects analogous to the responses of the body 
to environmental stresses (Section 5). One is the short-term 
response to a single bout of occasional exercise, or what may 
be called ‘acute exercise’. The other is the long-term response 
to regular exercise which makes exercise easier and improves 
performance. This adap tation to ‘chronic exercise’ is often 
referred to as training. We shall talk about both aspects: the 
acute response will generally be referred to simply as the 
response to exercise, and the long-term response will generally 
be referred to as the effect of training.

CARDIOVASCULAR RESPONSES TO EXERCISE
Exercise is characterized by increased energy expenditure 
in the exercising muscles. In order to meet the increased 
demand for energy, blood fl ow through the exercising muscles 
increases. This is made possible mainly by increasing the car-
diac output, and to some extent by reducing blood fl ow through 
some other areas of the body. Now we shall discuss each of 
these aspects in some detail.

Skeletal Muscle Blood Flow
At rest, skeletal muscles receive about 1 litre of blood per min, 
i.e. about one fi fth the cardiac output. During maximal exer-
cise, the skeletal muscle blood fl ow may exceed 20 L/min, and 
much of the increase is confi ned to the muscles involved in 
exercise. The enormous increase in blood fl ow is made pos-
sible by arteriolar dilation and opening up of closed capillaries. 
At rest only 3% of the capillaries in skeletal muscle are open. 
Opening up of additional capillaries helps by increasing the 

blood fl ow with minimal increase in velocity of fl ow, and by 
increasing the surface area available for exchange of nutrients 
and waste products between blood and muscle cells.
 The mechanism by which blood fl ow through exercising 
muscles is increased includes local as well as neurohumoral 
factors.

Local Factors
When the metabolic demand tends to outstrip supply, there 
is depletion of oxygen and accumulation of carbon dioxide, 
hydrogen ions, potassium ions, magnesium ions, and a rise 
in temperature. Each of these is a vasodilator. Vasodilation 
increases blood fl ow, which brings in more oxygen and nutri-
ents, and washes away the accumulated metabolites. When the 
demand is no longer heavy, the enhanced blood fl ow tends to 
reverse the changes which initiated vasodilation. Thus regula-
tion of blood fl ow by local metabolic factors is a self-adjust-
ing mechanism. It is the most important mechanism by which 
muscle blood fl ow is increased during exercise.

Neural Factors
Exercise is a form of stress, and like most stresses, is accom-
panied by sympathetic overactivity. Skeletal muscles have both 
sympathetic noradrenergic vasocons trictor fibres and sym-
pathetic cholinergic vasodilator fi bres. Vasoconstrictor nerve 
fibres act mainly on the veins. Venoconstriction improves 
venous return and helps in improving the cardiac output. On 
the other hand sympathetic cholinergic fi bres, which are unique 
to skeletal muscles, bring about arteriolar dilatation, and 
thereby increase muscle blood fl ow.
 How do the sympathetic nerve fi bres supplying muscle 
blood vessels know when to get activated? One route is 
through the cerebral cortex down the hypo thalamus and sym-
pathetic nervous system. Cerebral cortex is the seat of thinking 
and conscious activities. That is how even the thought of exer-
cise improves muscle blood fl ow. This anticipatory increase 
in blood fl ow is the chief advantage of the neurally mediated 
vasodila tation as compared to that mediated by local metabo-
lites. The other route is through sensory nerve fi bres in the mus-
cles. These fi bres are stimulated by the chemicals (e.g. carbon 
dioxide, hydrogen ions, etc.) which accumulate locally during 
exercise. Stimulation of these fi bres conveys the appropriate 
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message to the central nervous system leading to a refl ex car-
diovascular response which includes increase in muscle blood 
fl ow.
 Besides the sympathetic nerve supply muscle arterioles 
also have an intrinsic nerve supply. The intrinsic nerve fi bres 
have their cell bodies also in the arterioles. These fi bres are 
responsible for the vasodilatation seen immediately after initia-
tion of exercise and also while the exercise is continuing.

Humoral Factors
Exercise stress often releases some adrenaline from the adre-
nal medulla. Adrenaline brings about a beta receptor-medi-
ated vasodilatation in skeletal muscles. This mecha nism may 
contribute to the anticipatory vasodila tation as well as the 
increased blood fl ow seen later during and for a short while 
after the exercise.
 To summarise, sympatho-adrenal discharge induces an 
increase in muscle blood fl ow in anticipation of exercise, and 
adrenaline sustains the increased blood fl ow during and beyond 
the exercise. The response is remark ably augmented, from the 
beginning to the end of exercise, fi rst by intrinsic nerves, and 
then by the accumu lating metabolites. The accumulated metab-
olites maintain some increase in the blood fl ow also during 
recovery from the exercise.

Redistribution of Blood Flow
Although the enormous increase in muscle blood fl ow during 
heavy exercise is not possible without an increase in car-
diac output, some help is provided by reducing the blood 
fl ow to some other vascular beds such as renal and splanch-
nic (Fig. 11.8.1). The redistribution is well coordinated with 
the increase in muscle blood fl ow because it is also brought 
about by the increased sympatho-adrenal discharge. Renal 
and splanchnic vessels have only sympathetic noradrenergic 
vasocons trictor fi bres, and they respond to adrenaline with 
vaso constriction because they are furnished with alpha adren-
ergic receptors The coronary blood fl ow increases because of 
the greater production of vasodilator metabolites as well as 
beta adrenergic receptor-mediated coronary vasodilatation. 
Whether the cerebral blood fl ow also increases or just remains 
constant is not certain, but beta-two receptor-mediated increase 
in cerebral metabolism does take place during intense physi-
cal exercise. This recent observation makes sense because a 
person needs to be also mentally alert during intense exercise. 
Blood fl ow through the skin is controlled predominantly by the 
requirements of tempe rature regulation, and may increase in 
heavy exercise to dissipate the heat generated by exercising 
muscles. What happens to blood fl ow through non-exercising 
muscles is controversial but there are some reports suggest-
ing that it may actually increase. This is quite possible because 
sympathoadrenal discharge may not distinguish between the 
blood vessels of exercising and non-exercising muscles. What 
would increase the blood fl ow more markedly through exercis-
ing muscles are the local factors and intrinsic nerves.

Cardiac Output
Cardiac output is the product of heart rate and stroke volume, 
and an increase in both contributes to the increase in cardiac 
output during exercise.

Heart Rate

The palpitation that everyone has personally experienced 
during exercise tells us that exercise is associated with an 
increase in heart rate (Fig. 11.8.2). Some increase in heart 
rate is seen even before the exercise begins. The anticipa-
tory tachycardia is mediated by the cortical and limbic infl u-
ence on medullary cardio inhibitory and cardio accelerator 
centres. Some contri bution to the anticipatory tachycar-
dia is also made by the adrenaline released from the adrenal 
medulla.
 It has been observed that even if the anticipatory tachycar-
dia is absent, the increase in heart rate occurs as soon as exer-
cise begins. This is believed to be a refl ex originating in the 
exercising muscles and joints. Afferents arising in the muscles 
and joints, after reaching the spinal cord, project to the medul-
lary cardiac control centres. As a result, as soon as movement 
begins, these afferents are stimulated, thereby leading to refl ex 
tachycardia.
 During prolonged exercise, local and humoral factors pos-
sibly contribute to the sustained increase in heart rate. Muscle 
tissue has free nerve endings which are stimu lated by lactic 
acid, potassium ions and other chemicals which collect in 
exercising muscles. Stimulation of these nerve endings brings 
about refl ex tachycardia. Release of adrenaline, noradrenaline 
and possibly thyroid hormones during exercise also contribute 
to the increase in heart rate.

Fig. 11.8.1: Blood fl ow through various organs at rest and during 
exercise. Observe the redistribution of blood fl ow during exercise.

Fig. 11.8.2: Heart rate response to moderate exercise.
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 Finally, there are intrinsic factors which increase the heart 
rate during exercise. Increase in venous return stretches the 
right atrium, and consequently the sino-atrial node, leading 
to an increase in heart rate. This is known as the Bainbridge 
effect. Increased activity of the heart during exercise raises its 
temperature which, in turn, directly increases the rhythmicity 
of the pacemaker.
 The heart rate comes down after exercise but complete 
return to resting levels takes considerable time. The continu-
ing tachycardia after exercise is likely to be due to the effect 
of local metabolites in exercising muscles, hormones, and 
temperature.

Stroke Volume
At the end of diastole ventricles contain a certain amount of 
blood (the end diastolic volume, EDV). During systole, a part 
of it is ejected (the stroke volume, SV) and a part stays in the 
ventricles (the end systolic volume, ESV). Therefore, theoreti-
cally, the stroke volume may increase by increasing the EDV, 
the ESV staying the same; or by decreasing the ESV, the EDV 
staying the same (Fig. 11.8.3). What actually happens has been 
a matter of controversy, and now it appears both mechanisms 
are utilised depending on the circumstances.
 Increased muscle blood fl ow and venoconstriction in mus-
cles increase venous return, thereby increasing the EDV. An 
increase in EDV increases the force of ventricular contraction 
by the Starling mechanism thereby increasing the SV. This 
mechanism actually seems to operate in exercises performed in 
the fl at posture, e.g. swimming.
 But in upright exercises gravity prevents EDV from 
increasing to levels beyond the pumping capacity of the heart. 
In fact the heart size at the end of diastole may be smaller 
during exercise than at rest. Clearly, in such cases, the SV 
increases by encroaching on the ESV. Thus the EDV remains 
the same, or even decreases, the ESV is markedly decreased, 
and SV increases. This response is due to the sympatho-adre-
nal discharge during exercise. As we have learnt already in 
Section 3, sympathetic activity shifts the relationship between 
EDV and force of contraction, giving a higher ventricular work 

Fig. 11.8.3: At the end of diastole, ventricles contain a certain amount of blood (end diastolic volume, EDV), out of which some blood is 
pumped out during systole (stroke volume, SV) and the remaining blood is left behind in the ventricles (end systolic volume, ESV). Stroke 
volume increases during exercise, which may theoretically happen either by increasing the EDV, the ESV staying the same; or by decreasing 
the ESV, the EDV staying the same. To know what actually happens during exercise, see the text.

output for a given EDV. Since most exercises are performed in 
the upright posture, increased systolic ejection seems to be the 
major mechanism by which stroke volume is increased during 
exercise.

Blood Pressure During Exercise
Blood pressure is the product of cardiac output and peripheral 
resistance, provided blood volume is constant. The systolic 
pressure depends mainly on cardiac output while the diastolic 
pressure is determined primarily by the peripheral resistance. 
Cardiac output is always increased by exercise. Therefore 
systolic pressure is always raised by exercise. But changes in 
peripheral resistance are less constant. However, usually the 
vasodilatation in muscles balances the vasoconstriction in 
other tissues. As a result there is not much change in diastolic 
blood pressure (Fig. 11.8.4).

Effect of Training on Cardiovascular Function
Regular exercise has a favourable infl uence on cardio vascular 
function, principally by expanding the reserve capacity for 
increasing the cardiac output. The larger reserve is the result 
of increase in the extent to which both the heart rate and stroke 
volume can increase.

Fig. 11.8.4: Systolic and diastolic blood pressure response to severe 
exercise.
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Heart Rate
In trained sportspersons the resting heart rate is often low. This 
is thought to be due to an increase in the resting vagal tone. 
The alteration is useful during exercise because it increases the 
range through which the heart rate can increase without any 
change in the maximal heart rate. Its signifi cance lies in the fact 
that an increase in heart rate above about 180/min is not useful. 
At heart rates above 180/min the time available for diastolic 
fi lling is reduced to such an extent that the stroke volume is 
reduced. Thus in a trained individual the maximum heart rate 
can stay at the same level as in an untrained individual, i.e. 
about 180/min. But still the trained person can benefi t from a 
larger change in heart rate because he starts with a lower rest-
ing heart rate (Fig. 11.8.5).

Stroke Volume
Trained persons frequently show cardiac hypertrophy which 
makes it possible for them to achieve larger stroke volumes 
than untrained persons.

Cardiac Output
As a result of above changes, a trained person can achieve a 
much larger cardiac output during exercise than an untrained 
person. The phenomenon has been illustrated by means of arbi-
trary but plausible fi gures in Table 11.8.1 and Fig. 11.8.5. A 
qualitative change after training is the relative dependence on 
heart rate and stroke volume for increasing the cardiac output. 
Before training, the dependence is more on an increase in the 
heart rate, while after training an increase in the stroke volume 
contributes more to the increase in cardiac output during sub-
maximal exercise.

RESPIRATORY RESPONSES TO EXERCISE
Heavy exercise poses an enormous challenge to the respira-
tory system. During maximal exercise, there may be a 25-fold 
increase in oxygen consumption as well as carbon dioxide 
production. Yet the respiratory system meets this challenge so 
well that alveolar and arterial PO2 and PCO2 during exercise 
are essentially the same as at rest. This is made possible by 
an increase in pulmonary ventilation, perfusion and diffusion 
during exercise.

Pulmonary Ventilation
The ventilatory response to mild exercise has been shown in 
Fig. 11.8.6. At rest the respiratory rate is about 14/min and the 
tidal volume about 0.5 L. Hence the pulmonary ventilation is 
about 14 × 0.5 = 7 L/min. With heavy exercise, the breath-
ing frequency may increase to 45/min and the tidal volume to 
2.5 L. Hence pulmonary ventilation may increase to 45 × 2.5 
L/min, or more than 100 L/min.

Pulmonary Perfusion
We have seen that the cardiac output may rise from 5 L/min at 
rest to 25 L/min during exercise. This applies as much to the 
right ventricle as to the left. A fi ve-fold increase in pulmonary 
blood fl ow is not accompanied by much change in the pressure 
in pulmonary capillaries. This is made possible by the opening 

Fig. 11.8.5: Effect of training on cardiac output. Since cardiac output 
is the product of heart rate and stroke volume, the rectangles in 
this fi gures represent the cardiac output. Dotted lines represent the 
situation at rest, and continuous lines that during maximal exercise. 
The resting cardiac output is the same in untrained and trained 
athletes, but in the trained athletes it is achieved at a lower heart rate 
by increasing the stroke volume. The upper limit for useful increase in 
heart rate is the same in both categories of athletes. But the trained 
athlete has a higher reserve because of a lower resting heart rate. 
Thus the trained athlete shows a greater increase in heart rate as 
well as stroke volume during maximal exercise, and is thus able to 
achieve a much higher cardiac output than an untrained athlete.

Table 11.8.1: Effect of Training on 
Cardiovascular Function

  Before training  After training

 Rest Maximal Rest Maximal
  exercise  exercise

Heart rate (beats/min) 80 180 60 180
Stroke volume (mL) 60 80 80 120
Cardiac output (L/min) 4.8 14.4 4.8 21.6

Fig. 11.8.6: Ventilatory response to mild exercise.

up of several pulmonary capillaries which are closed at rest. As 
a result, alveoli are better perfused with blood and can there-
fore make good use of the increased ventilation.
 You may, however, question that the ventilation/per fu sion 
ratio is still altered. While the alveolar venti lation may increase 
up to 20-fold during exercise, alveolar perfusion increases 
only up to 5 times. The reason why only a 5-fold increase in 
perfusion is enough is because there is enormous reserve in 
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the diffusion capacity of the lung. You might recollect that 
although blood spends 0.75s in the pulmonary capillaries at 
rest, diffusion of oxygen is complete by the time the blood has 
spent only 0.25 s.

Pulmonary Diffusion
There is an up to 3-fold increase in pulmonary diffusion capac-
ity during maximal exercise. The increase is almost entirely 
due to increased perfusion. The larger number of patent capil-
laries increase the surface area available for diffusion.

Mechanism of Exercise—Hyperpnoea
Of the three processes—ventilation, perfusion and diffusion— 
discussed above, we have seen that increased perfusion during 
exercise is due to an increase in cardiac output. The mecha-
nisms which increase cardiac output during exercise have been 
already discussed. Further, enhanced diffusion capacity is sec-
ondary to the increase in perfusion. Therefore the only process 
we have to explain is the increase in pulmonary ventilation, or 
hyperpnoea, during exercise.
 Exercise hyperpnoea is one of the most enigmatic phenom-
ena in physiology. There are several factors which can explain 
a part of it, but not even all the known factors put together can 
account for all of the marked hyperpnoea seen during heavy 
exercise.
 The factors which may explain exercise hyperpnoea can be 
divided into the usual regulatory mechanisms, i.e. chemical, 
neural and humoral.

Chemical
There is not much change in the blood PO2 or PCO2 levels 
which may explain exercise hyperpnoea through the chem-
oreceptor mechanism. However, during exercise there is an 
accentuation of the normal oscillations in PO2 and PCO2 syn-
chronous with respiration. These oscilla tions may stimulate the 
carotid body chemoreceptors and explain part of the exercise 
hyperpnoea.

Neural
As in case of cardiovascular responses, the ventilatory response 
to exercise may also begin before the exercise. It is custom-
ary and logical to explain the anticipatory hyperpnoea on the 
basis of a mechanism involving the cerebral cortex, the seat 
of conscious thought and voluntary activities. However, in an 
experiment on cats it was observed that anticipatory hyperp-
noea took place even after removal of the cerebral cortex. 
Hence, at least in cats the phenomenon may be mediated by the 
hypo thalamus.
 There is considerable, although somewhat contro versial, 
evidence suggesting that afferent nerve signals from the exer-
cising joints and muscles can explain at least a part of the 
hyperventilation seen at the initiation and during the course of 
the exercise. Experiments involving passive limb movements 
and electrical stimulation of muscles largely support the exist-
ence of such a mecha nism.

 The tendency towards a rise in body temperature dur ing 
exercise may also make some contribution to exercise hyperp-
noea through a neural mechanism.

Humoral
There is no evidence to suggest that adrenaline, norad renaline 
or other hormones released during exercise make any signifi -
cant contribution to exercise hyperpnoea.
 In short, carotid body chemoreceptor refl ex, refl exes origi-
nating in exercising joints and muscles, and the cortical or 
hypothalamic mechanisms explain part of the exercise hyper-
pnoea. But even all these mechanisms together do not account 
for all of it.

Effect of Training
There is no consistent effect of training on vital capacity or 
other measures of pulmonary function. What it implies is that 
in healthy individuals pulmonary function is usually not a lim-
iting factor in determining the maximum intensity of exercise 
that they can undertake.

RESPONSE OF MUSCLES TO EXERCISE
It is common knowledge that regular use of a muscle group 
leads to its hypertrophy. Apart from this, there are also pos-
sibly other more subtle functional changes in skeletal muscles 
in response to training. In general, long distance runners have 
a higher proportion of slow muscle fi bres while sprinters have 
a higher proportion of fast muscle fi bres than untrained indi-
viduals (Fig. 11.8.7). This does not necessarily mean, however, 
that training alters the proportion of different types of skeletal 
muscles in the body1. It may also mean that by virtue of our 
genetic make up we are destined to have different proportions 
of slow and fast muscle fi bres in our muscles. Then, through a 
process of trial and error an individual fi nally selects the type 

Fig. 11.8.7: Change in the proportion of slow and fast fi bres in leg 
muscles depending on whether an athlete is trained for distance 
running or for sprint running.

1 What else can it mean? Think about the answer before you read further. 
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of sporting event for which his muscles are best equipped. 
Experimental investigation to deter mine the truth is diffi cult 
because it involves repeated muscle biopsy through several 
years of training. How ever, the limited data that is available 
indicates that there is a defi nite hereditary basis for muscle fi bre 
composition. There is also some recent evidence that there may 
be some adrenaline-mediated change in the composition as a 
result of training.

Endurance Training
Although there may be a little change in muscle fi bre composi-
tion, what endurance training (e.g. long distance running) does, 
however, is to enhance the mitochondrial enzyme activity of 
both slow and fast fi bres without altering the speed of contrac-
tion of the fi bres. Thus the training improves the ability of both 
types of fi bres to provide energy during prolonged exercise. 
In other words, as a result of training both slow and fast fi bres 
drift metabolically towards the mitochondrial characteristics 
of slow muscle fi bres, which are better suited for endu rance 
events. This type of training also leads to a better capacity of 
the muscle to extract oxygen. This may be at least partly due to 
improved vascularity of muscles. Muscle biopsies have shown 
that after endurance training there is a signifi cant increase in 
capillary to muscle fi bre ratio. Hence during submaximal exer-
cise the arterio venous oxygen difference increases although 
the increase in muscle blood fl ow is less than before training. 
In this way the athlete can make better use of the capacity to 
increase cardiac output. In maximal exercise, oxygen con-
sumption may increase up to 20-times the resting value but the 
cardiac output increases only up to 8-fold even in trained ath-
letes. This is possible only due to the increase in arteriovenous 
oxygen difference. Some aid is also provided in endurance 
events by the increase in muscle glycogen stores as a result of 
training.

Strength Training
Training in short bouts of intense activity (e.g. a sprint) needs 
great improvement in muscle strength and higher anaero-
bic capacity. Training for strength leads to increase in the 
size of the muscles involved. This is entirely the result of an 
increase in the size of muscle fi bres (hyper trophy) rather than 
an increase in the number of muscle fi bres (hyperplasia). It is 
observed that improve ment in muscle strength is out of propor-
tion to the increase in muscle size. This is partly due to changes 
in the nervous system so that there is a more effective and effi -
cient deployment of motor units. Further, as a result of strength 
training, there is an increase in the production of contrac tile 
proteins such as actin and myosin. The increased synthesis of 
these proteins seems to be mediated by somato medins. The 
increased amount of these proteins increases the cross bridges 
available for generating force during muscle contraction.

ENDOCRINE RESPONSES TO EXERCISE
Endocrine system is a regulatory system and it is but natu-
ral that it plays an important role in adjustment to exercise. 

Unfortunately our knowledge of endocrine involvement 
in exercise is not as advanced as that of the role of nervous 
system. In the brief account that follows we shall discuss only 
those hormones the secretion of which is known to be affected 
substantially during exercise or as a result of training, and 
we shall try to speculate on the functional signifi cance of the 
change. Among the hypothalamic hormones only antidiuretic 
hormone (ADH) secretion increases markedly during exercise. 
The secretion perhaps helps maintain fl uid balance by reducing 
urine fl ow so that enough fl uid is available for the excessive 
sweating required to dissipate heat.
 Several pituitary hormones are secreted in response to exer-
cise. Elevation of growth hormone (GH) during exercise per-
haps helps by stimulating protein synthesis in muscle and pro-
moting general growth. Adrenocortico tropic hormone (ACTH) 
is released specially in endurance events and probably helps 
by mobilising fats for providing energy directly as well as by 
stimulating glucocorticoid secretion. Prolactin (PRL) secretion 
is also known to increase during exercise. It possibly has two 
benefi cial effects: fi rst, by acting on the kidneys like ADH; and 
second, by mobilising fats like ACTH. Although endorphins 
are released also from several areas in the brain besides the 
pituitary, this may be an opportune moment to mention that 
there is a signifi cant release of endorphins during exercise. 
Endorphins have several effects but some which may be rel-
evant to exercise are that they stimulate food intake and relieve 
pain. The former action facilitates fuel replenishment, and the 
latter improves tolerance to discomfort associated with exer-
cise. A welcome side effect is that endorphins relieve mental 
stress and induce a sense of well being and even euphoria. That 
seems to be one reason why exercise improves the effi ciency of 
mental work.
 Adrenal cortical hormones also show increased secretion 
during exercise. Cortisol secretion is signifi cantly elevated 
during exercise, specially if it is prolonged and heavy. The 
effect seems to be mediated by ACTH. Cortisol secretion is 
helpful in all stressful conditions, and may therefore reduce 
the effect of stress due to exercise or training. In addition, it 
also mobilises fats and proteins. Fatty acids are particularly 
useful as fuel. The carbo hydrate sparing effect of cortisol helps 
by leaving enough glucose for the brain even in heavy exer-
cise2. Aldosterone secretion is also increased during exercise. 
We have seen that renal blood fl ow is reduced in exercise. 
Reduction in renal blood fl ow stimulates the kidneys to release 
renin. Renin promotes the formation of angio tensin II in the 
plasma. Angiotensin II is a potent stimulant for the secretion fo 
aldosterone. Like ADH, aldosterone also reduces urinary loss 
of water and sodium. This helps the fl uid balance in the wake 
of heavy sweating which may accompany exercise.
 Activation of sympathetic nervous system during exercise 
has already been referred to. Adrenal medulla being an inte-
gral part of the sympathetic system releases adrenaline and 
noradrenaline during exercise. A signifi  cant rise in the level 
of these hormones is usually seen only when the exercise is 
intense enough to raise the oxygen consumption to at least 
60% of the maximal oxygen uptake capacity. The functional 

2 Glucose is the only fuel which the brain uses under normal circumstances. In starvation it may also use some ketone bodies.
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signifi cance of adrenal medullary hormones is to mobilise fatty 
acids and glucose and thereby improve the availability of fuel. 
In addition, there is also some recent evidence indicating that 
adrenaline may induce some beta-2 receptor mediated delay in 
muscle fatigue by infl uencing the sarcoplasmic release of cal-
cium ions.
 The pancreatic hormones play an important role in fuel 
homeostasis, and their secretion is appropriately altered in 
exercise. Insulin secretion is decreased by exercise, appar-
ently due to stimulation of sympathetic nerves to the pancreas. 
Reduced secretion of insulin, coupled with redistribution of 
blood fl ow between the muscles and liver has an overall advan-
tageous effect during exercise. In muscles, enough insulin is 
delivered to permit glucose utilization in spite of poor secre-
tion due to high blood fl ow. In liver, diminished insulin secre-
tion coupled with reduced blood fl ow reduces the delivery of 
insulin to very low levels. Hence glycogenesis in the liver is 
reduced, thereby sparing glucose for being utilised as fuel in 
the exercising muscles. As a result of training, tissue sensitiv-
ity to insulin improves at rest and decreases during exercise. 
The improved sensitivity at rest accounts for the improvement 
in glucose tolerance seen as a result of regular exercise. The 
diminished sensitivity during exercise is possibly due to high 
levels of cortisol, adrenaline and growth hormone, and allows 
liberal use of free fatty acids as fuel by the exercising muscles. 
Exercise is one of the most useful components of treat ment of 
diabetes because it reduces insulin requirement by virtue of 
the improvement in glucose tolerance which it brings about. In 
mild cases of diabetes, diet and exercise may be the only treat-
ment required.
 Glucagon secretion is stimulated by prolonged exercise. 
Glucagon mobilises glucose from glycogen and fatty acids 
from the adipose tissue, and thereby improves fuel availability.

METABOLIC ADJUSTMENTS IN EXERCISE
We have already learnt the various fuel systems available to 
skeletal muscle (Chapter 11.6). The immediate source of 
energy for all muscle contraction is ATP. And all the ATP that is 
consumed has to be ultimately replenished by oxidative phos-
phorylation, which needs oxygen. But the variation from one 
exercise to another lies in the proportion of carbohydrate and 
fat consumed for the exercise, and the extent to which aerobic 
metabolism during the exercise is able to meet the energy needs. 
If the energy needs exceed the limits of aerobic metabolism, 
anaerobic metabolism supplements the energy supply system 
during the exercise, and the oxygen defi cit is replenished after 
the exercise. The fl exibility of energy systems allows a wide 
range of intensity and duration of exercise. For short bursts of 
intense activity such as a 100 metre sprint or weight lifting, 
almost all the energy comes from ATP and creatine phosphate 
during the exercise. Breakdown of these compounds is an anaer-
obic process. These compounds are replenished after the exer-
cise. For a little longer intense exercise, e.g. a 200 m sprint or a
100m swim, besides ATP and creatine phosphate, glycogen is 
also broken down during the exercise. But glycolysis during 
the exercise is essentially aerobic. As the duration of exercise 
increases further, two things happen. The contribution of lipids 

as fuel increases, and the extent of aerobic metabolism during 
the exercise increa ses. This is due to two reasons. First, because 
of the limited anaerobic capacity of the body, a high intensity 
exercise cannot be sustained for very long. If the duration of 
exercise has to be increased, its intensity has to be reduced to 
bring it within the scope of aerobic energy supply systems. 
Second, as the duration of exercise increa ses, cardiorespira-
tory responses get time to come into play. As a result, the blood 
fl ow through muscles increa ses, which brings in more oxygen. 
Therefore aerobic metabolism can meet a larger fraction of 
the energy needs during the exercise. These trends have been 
depicted in Fig. 11.8.8.

Effect of Training
As a result of training there are several metabolic adjustments 
which are specially useful in prolonged exercise. In general, 
there is an increase in the size of energy stores as well as in the 
activity of enzymes which generate energy.
 There is an increase in the stores of creatine phosphate as 
well as glycogen. Creatine kinase activity is increased and so is 
the activity of mitochondrial enzymes. Mitochondrial enzyme 
activity is increased primarily due to an increase in the number 
as well as size of muscle mitochondria. That is why the abil-
ity of the muscles to extract oxygen improves and there is a 
shift towards aerobic metabolism which is more effi cient than 
anaerobic metabolism. Consequently there is less accumu-
lation of lactic acid and a smaller fall in the pH of the body 
fl uids. Fall in pH inhibits tissue lipase and thereby reduces 
the mobilization of fatty acids from adipose tissue. Therefore 
reduced accumulation of lactic acid facilitates mobili zation of 
fatty acids. Shift in metabolism towards increa sed utilization of 
fats is a very useful adaptation because fat stores are virtually 
unlimited as compared to the extremely meagre glycogen store 
(Fig. 11.5.18).

FATIGUE
Fatigue is a word used in many different contexts. It may be 
acute or chronic, subjective or objective, physical or mental. 
Here we are concerned with muscle fatigue of the acute, objec-
tive, physical variety. We may defi ne fati gue as a transient 
inability to maintain or repeat a task involving muscular con-
traction as s result of preceding performance of an identical or 
similar task.

Site of Fatigue
Keeping in view the mechanism of voluntary movements, there 
can be, logically, four major sites of fatigue: central nervous 
system, motor nerve, neuromuscular junction, or the muscle 
itself.

Central Nervous System
There is considerable evidence that in human perfor mance, the 
onset of muscle fatigue is often determined by central neural 
factors. After the onset of fatigue it is generally possible to 
obtain contraction of fatigued muscles individually not only by 
direct stimulation of the nerve supplying the muscle but even by 
voluntary effort. Further, mental activity during the muscular 
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effort may delay the onset of fatigue. The effect of central 
nervous system on fatigue may be loosely considered the “psy-
chological effect”. However, even in the best motivated sub-
ject a point is reached when it is impossible to continue further. 
This point seems to be reached, at least in endurance events, as 
a result of metabosensitive afferent group III or IV nerve fi bres 
originating in the exercising muscle sending a feedback to the 
central nervous system. At this point, the fatigued muscle still 
responds with contraction to transcutaneous stimulation of the 
motor nerve supplying it, thereby excluding any peripheral site 
of fatigue. Thus there is an organic basis for genuine central 
fatigue, which sets in before peripheral fatigue. The onset of 
this fatigue is triggered by the changes in the metabolic milieu 
of the muscle, such as oxygen tension, pH, etc. The functional 
value of the mechanism is that it compels the subject to stop 
before there is any signifi cant damage to the muscle as a result 
of over-exertion.

Motor Nerve
This is one site that has never been shown to be the site of 
fatigue.

Neuromuscular Junction
In the isolated nerve-muscle preparation, neuro muscular junc-
tion is the site of fatigue. The underlying cause of junctional 
fatigue seems to be the exhaustion of acetyl choline. In the 
intact human being, fast twitch muscle fi bres seem to be more 

prone to fatigue at the neuro muscular junction while the slow 
fi bres get fatigued later on, the site possibly being in the muscle 
itself. Thus there are two phases of fatigue. In the fi rst phase, 
the fast fi bres show signs of fatigue in the form of diminished 
electro myographic (EMG) activity. Decrease in EMG activ-
ity suggests that the neural message cannot get past the neu-
romuscular junction. In the second phase, the slow fi bres show 
signs of fatigue without an accompanying diminution in EMG 
activity. Of course the person experien cing the fatigue does not 
realise what is happening. He only feels progressively more 
fatigued.

Muscle
In the intact organism muscle seems to be the most likely site 
of faituge. What makes the contractile mechanism unrespon-
sive could be depletion of energy reserves or accumulation of 
metabolites, or some other factor, or a combination of several 
factors. Some evidence exists on all these points but the con-
clusions are still tentative.
 Depletion of energy reserves: In heavy prolonged work 
there is a high correlation between fatigue and depletion of gly-
cogen and creatine phosphate reserves in muscle. The obser-
vation suggests that failure to replenish ATP contributes to 
fatigue.
 Accumulation of metabolites: There is extensive evidence 
in favour of accumulation of lactic acid contributing to fatigue. 
The onset of fatigue in heavy exercise is often associated with 

Fig. 11.8.8: Contribution of various energy systems during the exercise in different types of sports. The depiction of different fuels is not 
quantitative. Note that the range of fuels used increases with the duration of exercise. On top is given the activity classifi cation of different 
sports. Activity classifi cation tells the type of faculty which would assist in excelling in a particular sport, or the type of faculty which would 
improve by training in a particular sport. Note the marked overlap in activity classifi cation except at the extremes. (Data for the contribution 
of anaerobic and aerobic metabolism and activity classifi cation from: Lamb DR. Physiology of Exercise. New York: Macmillan, 2nd edition, 
1984; 138, Table 8.1).
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an increase in lactic acid concentration. The onset of fatigue 
may be accelerated by circulatory occlusion which leads to 
accumulation of lactic acid3. The accumulation of lactic acid 
is correlated with a decrease in the force of contraction. Leg 
fatigue occurs faster if preceded by arm exercise which has 
raised blood lactic acid level.
 The mechanism by which lactic acid contributes to 
fatigue is primarily by lowering the pH. At low pH the affi n-
ity of calcium ions for troponin is reduced. Further a fall in 
pH inhibits some key glycolytic enzymes, viz. glycogen 
phosphorylase and phosphofructokinase. Thus lactic acid 
may affect both the contractile mechanism and energy supply 
adversely.
 However, there are also evidences against the lactic acid 
hypothesis. To cite some, more work may be performed after 
the onset of fatigue under sympathetic stimulation without any 
change in lactic acid concen tration. It is quite well known that 
a completely exhausted person can display an extraordinary 
burst of energy if exposed to a life-threatening situation. Also, 
after the onset of fatigue, the same set of muscles can perform 
a different task for some time, although the lactic acid concen-
tration remains the same4. Moreover, fatigue occurs also in 
persons who are defi cient in phosphorylase, and therefore, do 
not accumulate lactic acid.
 Accumulation of calcium in T-tubules: We know that con-
traction involves release of calcium ions from the terminal 
cisternae. Normally this calcium is pumped back into the cis-
ternae. But it seems during prolonged activity some of this cal-
cium starts collecting in the transverse (T) tubules. T-tubules 
are essentially a part of the extra cellular compartment. Hence 
this process might reduce the availability of calcium ions in the 
sarcoplasm for the contractile mechanism.
  Having gone over the evidences for and against the major 
potential sites of fatigue, in the intact organism, the site of 
fatigue seems to be the central nervous system. Even when it 
seems to be in the muscle, the fatigue may actually be due to 
the muscles sending feedback about the intramuscular meta-
bolic milieu to the central nervous system. Thus the fatigue is 
still central rather than in the muscle.

Other Factors Associated with Fatigue
Besides the factors related to the four major sites directly 
involved in contraction, there are other systemic factors which 
are related to fatigue.

Diet
The relationship between diet and muscular performance is 
actually less profound than what the lay person and athletes 
often believe. But it is true that muscle glycogen stores can be 
increased by an appropriately timed high carbohydrate diet. 
Diet-induced increase in muscle glycogen stores has been 
shown to increase the endurance time for certain prolonged 
exercises.

Blood Sugar
Exercise of more than 4 h duration may deplete not only 
muscle glycogen but also liver glycogen. Hence it often leads 
to a fall in blood sugar level. Reduction in blood sugar level 
may reduce the delivery of glucose to the central nervous 
system and precipitate fatigue.

Pain
Pain anywhere in the body may accelerate the onset of fatigue. 
More specifi cally, an exercise such as hanging from a horizon-
tal bar induces pain in the arms and hands. The pain compels 
the person to terminate the effort before true muscle fatigue has 
set in.

Adrenal Exhaustion
Both adrenal cortex and medulla may play a role in muscular 
effort. Patients with adrenal cortical insuffi  ciency have extreme 
fatigability. Physical training leads to adrenal and pituitary 
(source of ACTH) hypertrophy. Administration of corticos-
teroids improves physical performance in some experimental 
situations. But still evidence is not convincing that adrenal 
cortical or pituitary exhaustion actually occurs in voluntary 
human fatigue. On the other hand, there is better evidence for 
depletion of the adrenal medullary hormones, adrenaline and 
noradrenaline, in prolonged strenuous exercise.

Body Temperature
Enhanced metabolic activity during exercise also produces 
additional heat which tends to raise the body temperature. 
Hence the body summons heat dissipation mechanisms. 
Among these mechanisms is increase in blood fl ow to the skin. 
Increased blood fl ow to the skin reduces the maximum extent 
to which blood fl ow to skeletal muscles may increase. That is 
how a rise in body temperature accelerates the onset of fatigue. 
The same mechanism explains the faster onset of fatigue when 
exercising in a hot environment.
 Fatigue is a complex multifactorial phenomenon. It seems 
to be precipitated by a combination of factors. The exact com-
bination may differ with the nature of the exercise and perhaps 
other circumstances which can affect the motivation of the sub-
ject. The dominant contributory factors thought to contribute to 
fatigue in different activities classifi ed in terms of their dura-
tion have been shown in Table 11.8.2.

EXERCISE PRESCRIPTION
Like drugs, exercise can be part of a doctor’s prescription. The 
prescription is usually aimed at improving physical fi tness, 
reducing disease risk, or treating an illness. The prescription 
should specify the mode, intensity, duration and frequency of 
exercise.
 Recent studies indicate that fairly mild regular exercise 
is quite adequate for staying healthy. Compared to sedentary 

3 This is not a very strong evidence in favour of the lactic acid hypothesis because blood not only drains lactic acid but also other metabolites, and also 
brings nutrients and oxygen.
4 These evidences which are against the lactic acid hypothesis may be cited as evidence for the central nervous system being the site of fatigue.
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individuals, those who take regularly (more than 5 days a 
week) a brisk walk for 30 minutes a day (or any other equiva-
lent exercise) are much healthier. A further increase in intensity 
or duration of exercise does not confer any signifi cant addi-
tional benefi t in terms of longevity or freedom from diseases 
such as heart disease or diabetes. More intense exercise con-
fers the effects of training in terms of superior performance and 
higher cardiorespiratory reserve. But since an average person 
is primarily interested only in staying healthy, intense exercise 
is not necessary. If one enjoys intense exercise and has the time 
for it, there is no harm in doing it. But one should not do it in 
the hope of additional health benefi ts. For the same reason, the 
doctor’s prescription does not recommend heavy exercise.

Mode of Exercise
Since the aim of the exercise is not participation in competitive 
sports involving a test of strength and speed but simply general 
well being, aerobic exercises are more suitable. The exercise 
should involve large muscle groups, be rhythmic, and it should 
be possible to continue it for long periods of time. Examples of 
such exercise are brisk walking, jogging, cycling, swimming, 
dancing and yogic postures.

Intensity of Exercise
Ideally, the intensity of exercise should be in terms of maxi-
mum work capacity, or maximal oxygen uptake. But oxygen 
uptake is linearly related to the heart rate during exercise. 
Therefore it is customary to express the intensity of exercise 
in terms of maximal heart rate, and the recom mendation may 
vary from 45 to 80% of the maximum heart rate. The maximum 
achievable heart rate during exercise for an individual may not 
be known, and it may be inconvenient or unsafe to determine 
it. Therefore simple formulae have been devised for making 
the necessary calculations. The simplest formula is to consider 
220– (age in years) to be the maximum heart rate. For a sed-
entary individual, and for patients with cardiovascular disease, 
it is preferable to start at 45% of the maximum heart rate, and 
gradually increase the intensity to 60-80% over a period of 3-6 
months. For example, if the patient is 40 years old:
 Maximum heart rate = 220 – 40
  = 180 per min
 Initial target heart rate = 180 × 0.45
  = 81 per min
 Thus the initial exercise should be of such an intensity 
that the heart rate is about 80 per min. The fi nal target heart 

rate would depend on the health status and motivation of the 
individual.
 It is quite possible that the patient’s resting heart rate itself 
may be about 80 per min. To overcome this diffi culty, there is 
another formula (Karvonen Equation) available, which takes 
into account also the resting heart rate. Thus in the above 
example, according to the Karvonen Equation,
 Target heart rate = [(180 - 80) × 0.45 + 80]
  = 45 + 80
  = 125
 Clearly, there is a wide discrepancy in the target heart rate 
computed by the two formulae. Hence common sense is impor-
tant, specially when dealing with patients having heart disease. 
Secondly, starting with a lower target heart rate is safer. Finally, 
in case of patients having angina, the target heart rate should 
be about 10 beats per min lower than that at which symptoms 
begin.
 It may be diffi cult for the patient to measure the heart rate 
reliably during exercise. Two other rough indicators are very 
useful in assessing the intensity of exercise. One is the ‘walk 
and talk’ test. During safe and comfortable exercise, the person 
should be able to continue a conver sation while walking. If 
talking makes him breathless, it is better to slow down the 
intensity of the exercise. The other rough method is purely sub-
jective. It is based on the Borg Scale for Rating of Perceived 
Exertion (RPE). This scale ranges from 6 to 20, where 6 is the 
RPE while lying down comfortably while 20 is the maximum 
exertion one can imagine. The target RPE should start at 11 
(fairly light) and build up to 15 (hard work) over 3-6 months.

Duration of Exercise
The usually recommended duration is 30-60 min. As in case of 
intensity, one may start with a shorter duration, and gradually 
increase it. In general, it is better to increase the duration before 
increasing the intensity. The target duration may be broken into 
instalments. For example, instead of exercising 30 min a day, 
one may exercise for 15 min twice a day.

Frequency of Exercise
The recommended frequency is 3-5 days per week. Once again, 
the frequency can be built up gradually. There is no harm in 
exercising more than 5 days per week, but initially there is a 
risk of orthopedic injuries (e.g. over stretching of ligaments) 
at high frequencies. An intially low frequency allows time for 
these injuries to heal. But with time, one starts enjoying the 

Table 11.8.2: Factors Contributing to Fatigue

Duration of Depletion of Accumulation Rise in Depletion Fall in blood glucose
exercise energy stores of lactic acid body temperature of liver glycogen

< 3 min +
3-15 min + +
15-60 min + + +
1-4 h +*  +
> 4 h +  + + +

+, the factor likely to contribute to fatigue
*, muscle glycogen reserves are an important determinant of fatigue
(Based on Lamb DR, Physiology of Exercise, New York: Macmillan, 2nd Edition, 1984: 316-319.
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exercise, and without any pressure or persuasion the frequency 
may approach 7 days a week.

Yogic Postures and Breathing
Yogic postures (asanas) and breathing (pranayamas) have some 
features unique enough to deserve a special mention. The pos-
tures seem to have been designed by an expert in anatomy as 
well as exercise physiology. A judiciously selected set of pos-
tures gives thorough exercise to almost every muscle and a 
stretch to every ligament, and takes literally each joint through 
its full range of movement gently and gracefully. Further, the 
sequence is so arranged that each stretch, sustained for 10 sec-
onds or more, is followed by relaxation; and every pose is fol-
lowed by a counterpose. Although the intensity of exercise in 
terms of oxygen consumption is not high, the cardiorespiratory 
refl exes are activated to the same extent as in far more strenu-
ous ordinary exercises such as walking or jogging. That is why 
these exercises are not tiring, and confer remarkable improve-
ment in cardiorespiratory function. However, more important 
than all these features is the fact that in yoga, exercises form 
part of a new outlook to life. As a result, taking care of the body 
becomes a sacred duty and a pleasing activity. Hence not only 
the person takes exercise, he does it happily. In contrast, when 
exercise is looked at in isolation, it may be performed unwill-
ingly out of fear of disease and death. The person may get up 
early to jog, but his mind may be dwelling on the warm bed 
which he has forced himself to quit. The difference is signifi -
cant because doing the right thing unwillingly leads to stress, 
which may do more harm than doing the wrong thing. On the 
other hand, exercising happily and willingly creates almost 
an addiction to exercise (which may be due to the release of 
endorphins). That is why yogic exercises done with the right 
attitude bring, besides good health, peace and joy.

CONCLUSION
Advances in science and technology during the last couple of 
centuries have brought about a radical change in man’s life-
style. Labour-saving devices have relieved us of much of the 

physical activity which was earlier a part of life. The change 
has affected maximally the ‘privileged’ sections of humanity. 
Sedentary existence of the type possible among these sections 
has been possible for only an extremely small fraction of the 
period for which our species has been around on our planet. 
There fore it is unlikely that the human body has been able to 
adapt to the new lifestyle. There is reasonable experi mental 
and epidemiological evidence that lack of exercise contrib-
utes to the causation of many diseases of the modern civiliza-
tion. Man has tried to prevent the ill effects of lack of physical 
activity through several types of exercise programmes. Most 
of these programmes provide a concentrated dose of physi-
cal activity over a short period of time. It is quite possible 
that a brief bout of exercise may not compensate adequately 
for a physically active routine. Further, a sendentary lifestyle 
is often associated with overeating, which is another major 
contributor to diseases of the modern civilization. But some-
thing is better than nothing. Regular physical exercise is likely 
to slow the aging process, help prevent serveral degenerative 
and metabolic disorders, and thereby make life healthier and 
longer.

QUESTION AND PROBLEM
1. Does a transplanted heart show an increase in cardiac out-

put during exercise?

ANSWER AND SOLUTION
1. Yes, it does. A transplanted heart is basically a denervated 

heart. A denervated heart depends on intrinsic and humoral 
mechanisms of regulation of cardiac function. During exer-
cise, it shows considerable increase in cardiac output to 
which an increase in stroke volume contributes more than 
an increase in heart rate. The increase in heart rate is usually 
up to about 120 per min, and is due to Bainbridge effect, 
and the effect of hormones and temperature. The increase 
in stroke volume is due to the increased venous return 
(Starling’s law) and hormones such as adrenaline.
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12.1
Getting Introduced to the 

Nervous System

The brain has fascinated so many for so long that today we 
know more about its function than about the physiological 
mechanisms of any other part of the body. But, paradoxically, 
what still remains to be learnt about the brain is also more than 
that about any other part of the body. The special fascination 
held by the brain arises from the fact that knowledge of its 
function is likely to answer baffl ing questions such as ‘what is 
consciousness’, ‘what is intelligence’, ‘why do we do what we 
do’ and `how do we learn’. It is interesting to trace how, starting 
with primitive beginnings, we have reached our present under-
standing of the function of the nervous system. The history of 
neurobiology is full of lessons which are generally applicable, 
and are hence valuable for future scientists to grasp.

HISTORY OF NEUROBIOLOGY
In ancient systems of medicine, whether Indian, Arabian or 
Greek, there was plenty of confusion between the functions of 
the brain and heart, and the role of air. The origin of the con-
fusion was probably the observation that a blow on the head, 
stoppage of the heart, or cessation of breathing, were all equally 
likely to produce loss of consciousness, and sometimes death. 
Based on this, the seat of consciousness, mind, thought and 
life was variously placed in the head (i.e. brain) or the heart; 
and sometimes wind or air (Sanskrit, vayu; Greek, pneuma) 
was considered the source of life and thought.1 However, the 
ancient Indian physician, Charaka, did specify shira (head) 
as the part in which life stays, and to which all senses belong. 
The doyen of Indian surgery, Susruta, also wrote that insan-
ity and epilepsy originated in the head. Taken together with 
the archaeological fi ndings of antemortem (before death) burr 
holes in skulls, possibly some forms of neurosurgery existed 
in ancient India. Aristotle (4th century BC) failed to distin-
guish between nerves, tendons and ligaments. Galen (2nd 
century AD) proposed that nerves were conduits for a vital 
fl uid. After these early beginnings there was a long gap of 
more than 1000 years during which nothing notable happened. 
The social causes of this long gap have been discussed earlier 
(Chapter 1.1). A signifi cant landmark in neurobiology during 

the European renaissance was the book Traite de l’homme by 
Rene’ Descartes (1596-1650). However, he hid the manuscript 
because he was afraid of persecution by the church for some 
of his ideas. The book was fi rst published only 12 years after 
his death. In this book Descartes proposed that a vital fl uid 
secreted by the ventricles of the brain was conveyed by nerves 
to the muscles supplied by them. Flow of fl uid into the mus-
cles made them contract. Since contraction was associated with 
fl ow of fl uid into the muscle, a muscle became swollen and stiff 
during contraction just as a balloon becomes swollen and stiff 
when fi lled with air. However, the hypothesis, unsubstantiated 
as it was by any experiment, was challenged soon because the 
age of questioning had begun. Jan Swammerdam (1637-1680) 
demonstrated through a simple experiment that the volume of 
a muscle did not increase during contraction. Hence something 
was wrong with Descartes’ hypothesis. The freedom to disa-
gree had started paying dividends. The riddle was solved when 
Luigi Galvani (1737-1798) demonstrated ‘animal electricity’ 
and Du Bois Reymond (1818-1896) showed that messages are 
conveyed by nerves through electrical impulses.
 Another interesting line to follow is the long and tortu-
ous route by which neuron was established as the structural 
unit of nervous tissue. The cell theory was proposed by two 
friends, Matthias Schleiden and Theodor Schwann in 1838-39. 
But for a long time, nervous tissue was considered an excep-
tion in that its architecture was thought to be non-cellular. This 
was because nervous tissue is soft, and techniques for fi xing 
and staining it adequately were not available. The discovery 
which revolutionized neurobiology in the 19th century was 
made somewhat accidentally by Camillo Golgi in 1873. The 
legend goes that the cleaning woman had thrown a slice of 
brain, which Golgi had left on his table, into a dustbin which 
also happened to contain silver nitrate. When Golgi retrieved 
the brain slice he was pleasantly surprised to fi nd it beautifully 
stained. The beauty of silver staining is that it stains only a 
few nerve cells. Nobody still knows how the stained neurons 
differ from those which do not get stained. But such selective 
staining makes it much easier to see the neuronal architec-
ture because if all the neurons are stained the network is too 

1 Damage to the heart results in loss of consciousness. The observation is correct; in fact, all observations are correct. ‘Hence consciousness resides in 
the heart.’ The explanation is logical but incorrect. Thus even logical explanations can be incorrect. This is an important lesson in science.
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complex for comprehension. But Golgi still saw only a sim-
plifi ed network, not discrete neurons. The reason was that the 
small gap between neurons (synaptic cleft) was beyond the 
power of resolution of the light microscope. However, his con-
temporary. Santiago Ramon Cajal, was so fascinated by the 
Golgi technique that he worked hard for a few years, examined 
every neural tissue he could lay hands on with the Golgi stain, 
and published accurate illustrated accounts of his observations 
between 1888 and 1891. Cajal’s diagrams are used for illustrat-
ing textbooks even today. Further, Cajal had the imagination to 
‘see’ a gap between axon terminals of one nerve cell and den-
drites of another. Hence he proposed that nervous tissue is also 
made up of cells, just like every other tissue. However, it was 
Wilhem Waldeyer who synthesized Cajal’s descriptions with 
those of Wilhem His’ obser vations on the development of nerv-
ous tissue, and August Forel’s studies on response of nervous 
tissue to injury. As a result of this synthesis, in 1891 he came 
up with a well formulated theory of structure of the nervous 
tissue. In fact, Waldeyer was the fi rst to coin the term neuron, 
and he called his theory the neuronal doctrine. Cajal never rec-
onciled to sharing credit for the doctrine with Waldeyer; he felt 
the concept was entirely his own creation. In 1906, Golgi and 
Cajal shared a richly-deserved Nobel Prize. However, in their 
Nobel Prize lectures, they stuck to their differences: Golgi said 
that nervous tissue is a network (reticulum) and has no cellu-
lar architecture, while Cajal argued for a neuronal architecture. 
The Golgi-Cajal-Waldeyer story has several lessons for us. 
Golgi had a mind prepared to catch an accidental discovery. He 
also had the intellectual honesty and tenacity to stick to what 
he saw under the microscope. He refused to contaminate his 
observations with an imaginary cleft between neurons. These 
are very desirable and commendable qualities in a scientist. 
But he did not have a mind open enough to acknowledge that 
the possibility of his being wrong and somebody else being 
right existed. This attitude is not only arrogant but also unsci-
entifi c. Cajal had the sense to appreciate the value of the Golgi 
technique. He had the preservance to observe a large variety 
of neural tissues before rushing to any generalization. He pub-
lished his results speedily and in detail as he worked. He also 
had the imagination to ‘see’ a little gap between interconnected 
‘cells’. These are all admirable qualities. But he was unwill-
ing to concede that after all, Golgi might be right, or to share 
credit with Waldeyer. These are human weaknesses, and even 
the greatest of scientists are not immune to them. Waldeyer 
synthesized information, from diverse sources and knit it into 
a meaningful doctrine. Such individuals do not enjoy the most 
prestigious position in science unless they make substantial 
original contributions of their own. Sometimes they are even 
ridiculed, but ‘they also serve’. It is true that Cajal might have 
formulated the neuronal doctrine entirely on his own if given 
a little more time, but it would be unfair not to appreciate the 
genius of Waldeyer.
 The really convincing proof for the neuronal doctrine came 
about 60 years after it was formulated. Application of electron 
microscopy to neural tissue in the 1950s revealed the exist-
ence of the synaptic cleft, thus establishing the individuality 
of each neuron. The consequences of both the Golgi technique 
and electron microscopy illustrate the importance of technique 

in research. The enormous progress in neurobiology between 
1890 and 1950 also has an important lesson. Using a reason-
able, although unproven, theory as a working hypothesis never 
does any harm.

EVOLUTION OF THE NERVOUS SYSTEM
From simple unicellular organisms evolved complex multi-
cellular organisms having highly specialized organ systems. 
Abroad outline of the evolution of various organ systems was 
presented in Chapter 1.2. But a little more detailed account of 
the evolution of the nervous system would be in order here 
because the nervous system has evolved relatively rapidly, has 
continued to evolve till recently, and is perhaps still evolving. 
On the other hand even the human nervous system shares some 
basic features with very primitive organisms like hydra.
 With the advent of specialization in multicellular organ-
isms, perhaps the fi rst development was the appearance of a 
few cells which were exceptionally sensitive to changes in the 
environment. In order to achieve coordination across the length 
and breadth of the organism, these sensitive cells also acquired 
the ability to communicate with one another. Communication 
across ‘long’ distances was achieved through the development 
of elongated processes. A further landmark was the develop-
ment of one-way traffi c in the processes so that a process was 
suitable either for bringing a message to the cell, or carrying 
a message away from the cell. Another useful development 
was the tendency of these sensitive cells, or neurons, to form 
clusters. A cluster of neurons with a complex circuitry could 
achieve a degree of information processing which was not pos-
sible with simple chains of neurons. The clusters are called 
ganglia. A major development which may be termed the begin-
ning of a revolution was the appearance of bilateral symmetry. 
In a radially symmetrical organism, it does not matter which 
end leads when the animal moves. It is equally easy for the 
animal to walk with any side of the body in front. But in bilater-
ally symmetrical organisms, it was possible and advantageous 
to achieve speciali zation at one end which would enable the 
animal to move about more safely. The leading end (head end) 
of the organisms developed a specially big cluster of neurons 
(a primitive brain). A collection of receptor organs, specially 
sensitive to light, sound or chemical changes also developed 
at the head end, and these fed information about the external 
environment to the ‘brain’. This information at the head end 
helped the animal steer clear of danger while advancing. It also 
told the animal which way to expect food or a mate.
 After this, evolution seems to be relatively rapid. The 
brain kept getting bigger. In this respect, nature seems to have 
experimented with many possibilities. Dinosaurs had very big 
brains, but their body was also so big that much of the brain 
had to be dedicated to coordination of movements. A better 
brain-body ratio was achieved in elephants (brain weight, 
6 kg) and whales (brain weight, 9 kg), and the surface of the 
neocortex is convoluted in these animals to increase its area. 
Although elephants and whales are quite intelligent animals, 
their huge bodies make much of their brains slave to the 
coordination requirements of their muscles; much less of the 
brain is left for the mysterious function of reason and abstract 
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thought. The best brain-body ratio was fi nally achieved in 
primates (Table 12.1.1). Some small monkeys have a higher 
brain-body ratio than man (as high as 1:17). But the absolute 
weight of such a monkey’s brain is so small that it is simply 
not possible to pack into it enough cortical material to make 
the monkey very intelligent. Thus in man we have the golden 
mean. The body is big enough to house a fairly large brain, and 
yet small enough to spare quite a bit of the brain for uniquely 
human functions. There are two features in which the human 
brain stands alone in the animal kingdom. One is the function 
of speech. Speech, as we know it in man, is not seen in any 
other animal. The versatile nature of human speech has made 
expression of complex thoughts possible, and that has played 
a fundamental role in human progress. The second feature is 
cerebral asymmetry. The functions of speech, analytic logic 
and mathematics reside in the left cerebral hemisphere, and the 
functions of spatial abilities, nonverbal ideation and abstract 
thought reside in the right cerebral hemisphere . This arrange-
ment results in a remarkable economy of space. In short, 
cerebral function has improved enormously in the course of 
evolution as a result of the following ingenious strategies: (a) 
increase in size of the brain, (b) increase in brain-body ratio 
(c) convolutions on the surface of the brain, and (d) cerebral 
asymmetry.

ORGANIZATION OF THE NERVOUS SYSTEM
The nervous system has an axial organization . The brain and 
spinal cord, which constitute the central nervous system (CNS), 
run along the midline (Fig. 12.1.1). The CNS receives informa-
tion through the sensory nerves and sends messages through 
the motor nerves. The sensory and motor nerves constitute the 
peripheral nervous system (PNS). The sensory information 
brought to the CNS is processed there. The simpler forms of 
processing result in refl ex actions; elaborate processing at cor-
tical level results in conscious behaviour. The basic structural 
and signal processing unit of the nervous system is the neuron. 
A refl ex arc for a simple refl ex is shown in Figure 12.1.2. The 
information which results in a refl ex may also be conveyed 
to higher levels of the CNS. The same message is generally 
handled by more than one pathway: this is known as parallel 
processing. The broad divisions of the brain have been shown 
in Fig. 12.1.3.

The Neuron

Neuron is the basic structural and signal processing unit of the 
nervous system (Fig. 12.1.4). The structure of a neuron is ide-
ally suited for its function. A neuron is basically a cell, and has 
the basic features of a cell: the nucleus and cytoplasm, which 
form the cell body. But to meet its special functional needs, 
the cell body has elongated extensions of the cytoplasm. The 
extensions which specialize in receiving messages are called 
dendrites, and the extensions which transmit messages from 

Table 12.1.1: Brain-body ratio in some animals

 Brain weight (kg) Body weight (kg) Brain/body ratio

Whale* 9 90,000 1:10,000
Elephant 6 6,000 1:1,000
Gorilla 0.5 125 1:250
Chimpanzee 0.4 60 1:150
Monkey* 0.3 6 1:20
Man 1.4 70 1:50
Dolphin 1.7 51 1:30

* Whales are of many types, and their weight ranges from 45 kg to 
136,000 kg; similarly, monkeys are also of many types, with a fairly 
wide range of brain and body weights. All fi gures in this Table are 
also approximate, and their main aim is only to illustrate a principle

Fig. 12.1.1: The central nervous system, from an evolutionary 
perspective. In the course of evolution, not only has the size of the 
brain increased, but in human beings the brain has also got bent at 
right angles. That is why in the human brain, anatomical relations 
sometimes appear confusing R. rostral; C, caudal; V, ventral; D, 
dorsal.

Fig. 12.1.2: A refl ex arc. A. The simplest refl ex arc involving only 
one synapse (monosynaptic). B. A refl ex arc which includes an 
interneuron, and therefore involves an additional synapse. DRG, 
dorsal root ganglion.
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the excitability, and inhibitory neurotransmitters decrease the 
excitability of the postsynaptic neuron (Fig. 12.1.5). A single 
neuron usually receives messages from a large number of pre-
synaptic neurons simultaneously. The response of the postsy-
naptic neuron depends on the integrated summation of all the 
messages impinging upon it.

Refl ex Arc and Refl ex Action
A refl ex arc (Fig. 12.1.2) consists of a sensory neuron, gene-
rally one or more neurons in the spinal cord or brain, and a 
motor neuron. The refl ex arc neurons confi ned to the central 
nervous system (CNS) are called interneurons.
 The sensory neuron receives information from a recep-
tor and conveys it to the CNS. Interneurons in the CNS proc-
ess the information. As a result of the processing, a ‘decision’ 

Fig. 12.1.3: A simplifi ed view of sagittal section of the human brain, showing the major anatomical features.

Fig. 12.1.4: A. Diagrammatic representation of a ‘typical’ neuron. B. Diagrammatic representation of the wide variety of shapes
neurons may assume. C. Schematic diagram of a neuron.

the neuron are called axons. Although neurons can assume a 
wide variety of shapes, in schematic diagrams it is custom-
ary to depict it as a circle (the cell body) and a line (the axon) 
ending in a fork (the axon terminal). The dendrites are usually 
ignored in the schematic diagrams.

The Synapse
Neurons transmit and process information across junctions 
called synapses. For all practical purposes, transmission 
across synapses is one-way, and is mediated by a chemical 
called the neurotransmitter. The presynaptic neuron releases 
the neurotransmitter. The neurotransmitter forms a complex 
with a receptor on the postsynaptic neuron. Formation of the 
neurotransmitter-receptor complex changes the excitability of 
the postsynaptic neuron. Excitatory neurotransmitters increase 
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is arrived at. The decision is conveyed to the motor neuron. 
The motor neuron delivers the messages to the effector organ, 
which is either a muscle or a gland.
 An example may make the process clearer. Suppose the 
fi nger touches a sharp pin accidentally (Fig. 12.1.6). The pin 
prick activates a sensory neuron. Information about the pin 
prick is conveyed to the spinal cord. Processing of the infor-
mation by interneurons leads to the ‘decision’ that the hand 
should be moved away (i.e. withdrawn) from the pin. This is 
conveyed to motor neurons supplying the biceps muscle. As 
a result, the biceps contracts, leading to withdrawal of the 
hand. The entire process takes place so quickly that the hand 
is withdrawn almost as soon as it touches the pin. The hand is 
withdrawn even before the person becomes aware of the pin 
prick. Awareness of the pin prick needs the mes sages to be 
conveyed to the ‘highest’ part of the brain, the cerebral cortex 
(Fig. 12.1.7). Since the refl ex withdrawal of the hand takes 
place before the conscious awareness of the pin prick, we can 
say that it takes place without needing our will power. We do 
not consciously decide to withdraw the hand. The ‘decision’ by 
the interneurons in the spinal cord does not need will power. 
We do not have to think and say in our mind ‘I will withdraw 
the hand’. Such an action, which does not need will power, is 
called involuntary.
 The above example illustrates many features of a refl ex, 
which have been summarized below. A refl ex:

Fig. 12.1.5: Schematic diagrams of two synapses. A1 is a presynaptic 
neuron which releases an excitatory neurotransmitter, thereby 
facilitating the activity of the postsynaptic neuron B1. A2 is an inhibitory 
neuron. By convention, the cell bodies of excitatory neurons are drawn 
white while those of inhibitory neurons are drawn black.

Fig. 12.1.6: Diagrammatic representation of the neuronal pathway 
of refl ex response to a pinprick. The information about the pinprick 
is conveyed to the spinal cord by the sensory nerve fi ber. That leads 
to activation of the motor neurons supplying the biceps muscle. 
Contraction of the biceps muscle leads to fl exion of the forearm.

Fig. 12.1.7: Refl ex withdrawal of the hand in response to a pinprick 
involves only a relatively short pathway (1) at the level of the spinal 
cord. On the other hand, awareness, or conscious perception of the 
painful stimulus depends on a longer path (2) and needs the message 
to reach the cerebral cortex.
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a. is an involuntary action,
b. is mediated by a refl ex arc,
c. needs processing in the CNS below the level of the cerebral 

cortex, and
d. is inborn.
 The fact that a reflex is inborn does not mean that all 
reflexes are present at birth. Some reflexes appear much 
later, or get modifi ed as a result of further development of the 
nervous system which takes place after birth. Being ‘inborn’ 
means that refl exes do not have to be learnt. This is true of 
classical refl exes, but conditioned refl exes have to be learnt 
(Chapter 16.3).
 Since the refl ex arc provides the basic model for the func-
tional organization of the nervous system, the physiology of 
the nervous system may be studied in terms of sensory, motor 
and processing functions.

Neuronal Networks
Neurons in the CNS are richly interconnected. The human 
brain has about 1011 neurons, and each neuron receives about 
1000 synaptic connections. Thus, there are about 1014 synap-
tic connections in the brain. The connections are so profuse 
that every part of the brain is directly or indirectly connected 
to every other part. Elaborate connections result in neuronal 
networks, a simplifi ed version of which has been shown in 
Figure 12.1.8.

From Genes to Behavior
Till about 20 years ago, our knowledge of neuro physiology was 
confi ned to the major pathways used for transmission of mes-
sages in the nervous system, the neurotransmitters employed, 
and the broad functions of different regions of the brain. Recent 
advances have extended knowledge at two opposite poles, and 
also given rise to a good deal of enthusiasm that available 
knowledge can be put together to form an integrated whole. At 
one extreme, the proteins involved in synthesis and metabolism 
of neurotransmitters, and the proteins involved in signal trans-
duction at synapses have been identifi ed, and the genes coding 
them are known in terms of their loci and nucleotide sequence. 
At the other extreme, the relationship between the activity of 
neuronal networks and conscious behavior is understood much 
better, thanks to the advances in imaging techniques. This has 
strengthened the belief that one day we will have a comprehen-
sive idea of the physical basis of behavior.

BRAIN AND COMPUTERS
Since computers can do some of the things which the brain does, 
comparing the two is natural. Terms which originated in com-
puter science, such as input, output, processing, programming 
and wiring, are now commonly used in neurobiology. With 
early computers, the similarities and differences between the 
brain and computers were fairly clear (Table 12.1.2). Although 
computers could carry out computations and some other forms 
of data processing faster and more accurately than the brain, 
computers followed precise instructions blindly. Only the brain 
had the fl exibility to give different type of responses to the 
same stimulus, depending on the circumstances. Further, only 

the brain had the originality to tackle problems which it had not 
learnt earlier; a computer could do only what it had been pro-
grammed to do. And, of course, abstract thought and creativity 
were beyond the realm of computers. But recent advances in 
computer technology have blurred the differences between the 
brain and the computes. Computers can play chess, compose 
music, and diagnose diseases. Investigators working on artifi -
cial intelligence are working frantically to demystify creativity. 

Fig. 12.1.8: Three simple neuronal networks. A. Neurons 1 and 2 are 
providing feedback signals to the chain of neurons. B. A divergent 
network of neurons C. A convergent network of neurons.

Table 12.1.2: Brain compared with 
early computers

Feature Brain Computers

Input Sensory information Data
Processing In the brain In the central
 Nature of processing processing unit.
 depends on neuronal Nature of processing
 connections depends on the
  programme
Output Motor response Data
Flexibility of Present Absent
output
Speed Generally relatively slow Fast
Originality Present Absent
Abstract  Present Absent
thought and
creativity
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They believe that the notion that creativity is divine refl ects our 
failure to understand creativity. They assert that it will be ulti-
mately possible to break creativity into steps, and write compu-
ter programmes to carry out creative tasks. Some rudimentary 
programmes for making ‘inventions’ have already been written. 
A programme has also been written for day dreaming. The day 
dreaming computer need not be ever switched off. When not in 
use, it is not idle. During phases of apparent idleness it indulges 
in ‘day dreaming’ which improves its originality and creativity. 
Although even the most advanced computer is still far from 
the human brain in spheres which are still considered uniquely 
human, we should be prepared for the day when computers will 
meet us on an equal footing and demand computer rights.

QUESTIONS AND PROBLEMS
1. Imagine yourself to be in 1906, listening to the Nobel Prize 

lectures of Camillo Golgi and Ramon Y Cajal. Golgi pro-
pounds the reticular theory of architecture of the nervous 
system while Cajal argues for the neuronal doctrine. On 
which side would you like to be, and why?

2. Assuming that the evolution of the brain is still going on, 
what do you think will be the capabilities of the organism 
possessing a brain that may evolve a million years from 
now. Use some basic principles of evolution to frame your 
answer instead of indulging in pure fantasy.

3. Do you think we are being wise in trying to make computers 
that will eventually match or excel the human brain. Give 
reasons for your answer.

4. Comment critically on Gerald Fischbach’s statement that 
“the brain is not a syncytium, at least not a simple one” 
(Scientifi c American 1992; 272(9):50).

Artifi cial Neural Networks

Artifi cial neural networks (ANNs) are computer models 
inspired by the structure and behavior of neurons. Just as 
there may be several interneurons between the sensory 
and motor neuron, ANNs also have several hidden units 
interposed between input units and output units. Just as 
each synapse is not equally effective in changing the excit-
ability of a neuron, the input units affect the hidden units 
or output units with a certain weightage, which is differ-
ent for different input units. Further, just as the effi cacy 
of synapses can change with ‘experience’, the weightage 
of units can also change with ‘experience’. In short, ANN 
can learn. However, all these similarities do not mean that 
ANNs work in the same way as the brain. Similar tasks may 
be performed by two systems by entirely different mecha-
nisms. But ANNs have the potential of replacing, or at least 
assisting, human beings in several tasks. For example, medi-
cal diagnosis depends on taking an integrated view of several 
features in the history, examination and laboratory fi ndings. 
An ANN can also be programmed to give the output in the 
form of a particular diagnosis when the input consists of a 
specifi c collection of fi ndings. Since every patient may not 
have all the fi ndings, and a given patient may have some atyp-
ical fi ndings, the fl exibility of ANN allows the diagnosis to be 
made even if only a majority, but not all, of the fi ndings are 
present. Further, the input of atypical fi ndings ‘trains’ ANN 
to take those also into account when faced with a similar 
case in future. Thus, experience makes an ANN better at 
diagnosis.
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12.2
Cerebrospinal Fluid

The interstitial fl uid, which constitutes the micro environment 
of every cell of the body, provides the cells a bathing fl uid of 
relatively constant composition and temperature. The con-
stancy is important for optimal functioning of the cells, and 
is possible because the interstitial fl uid is also in close contact 
with the blood fl owing through the capillaries (Fig. 12.2.1). The 
cells of the nervous system are very closely packed together. 
Hence there is very little interstitial fl uid in the nervous system. 
But this defi ciency is more than made up by another extracel-
lular fl uid, the cerebrospinal fl uid (CSF).

FUNCTIONAL ANATOMY
For understanding the formation, functions and fate of CSF, it 
is useful to be familiar with the structures involved.

The Ventricular System
The brain and spinal cord are hollow structures. But the size 
of the hollow spaces in the interior is different in different 
regions of the central nervous system. The largest spaces are 
enclosed in the cerebral hemispheres, and are called lateral 
ventricles (Fig. 12.2.2). Another large space is the third ven-
tricle, located in the diencephalon. The two lateral ventricles 
communicate with the third ventricle through two independ-
ent openings called the interventricular foramina (of Monro). 
The third ventricle further communicates with a narrow duct 
passing through the midbrain, called the aqueduct of Sylvius. 
The aqueduct of Sylvius leads to the fourth ventricle which is 
enclosed in the pons and medulla oblongata. The fourth ventri-
cle narrows down as it enters the spinal cord, where it contin-
ues as the central canal.
 The four ventricles of the brain have bunches of vascular 
tissue known as the choroid plexus. Choroid plexus is a collec-
tion of capillaries which arise from some of the arteries sup-
plying the brain. The wall of the ventricular system is lined 
by modifi ed ependymal cells, which are a type of neuroglia 
(Chapter 12.3).

The Subarachnoid Space
The brain and spinal cord are surrounded by three layers of 
the connective tissue called meninges. The layer in intimate 
contact with the neural tissue is the pia mater. Outside the pia 

Fig.12.2.1: The intimate relationship between cells, interstitial fl uid 
and blood. A. arterial end of capillary; V, venous end of capillary.

Fig.12.2.2: The ventricular system of the brain.

mater is the arachnoid mater. The space between the arach-
noid and pia mater is called the subarachnoid space. The sub-
arachnoid space is enlarged at three places to form cisterns, the 
cisterna magna (or cerebellomedullaris), cisterna pontis and 
cisterna basalis (or interpeduncularis).
 The subarachnoid space continues along the cranial nerves; 
the continuation along the optic nerve is specially important in 
relation to papilledema, as discussed later in the chapter.
 The subarachnoid space also continues along cerebral 
blood vessels as perivascular space, also known as Virchow-
Robin space. The perivascular space is seen around arteries 
and veins, but not around the capillaries (Fig. 12.2.3).
 The subarachnoid space communicates with the venous 
blood through arachnoid granulations (Fig. 12.2.4). Arachnoid 
granulations are a collection of villi that project from the arach-
noid into the subdural venous sinuses. It is not certain whether 
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569Fig.12.2.4: Arachnoid granulations and other structures involved in the absorption of cerebrospinal fl uid. Arachnoid trabeculae have not 
been shown in the subarachnoid space for the sake of clarity.

Fig.12.2.3: Anatomical relations of the perivascular (Virchow-Robin) 
space.

the villi communicate with the venous sinuses directly through 
a series of tubules, or whether CSF is absorbed by the villi by a 
specialized transport mechanism.

Communication Between the Ventricular System 
and the Subarachnoid Space
The ventricular system communicates with the subara chnoid 
space through three openings in the fourth ventricle. One of 
these openings is in the midline, and is called the foramen of 
Magendie. The other two openings, laterally situated, are called 
the foramina of Luschka. It is because of these openings that 
CSF formed in the ventricles can reach the subarachnoid space.

FORMATION OF CSF
The major source of CSF is the choroid plexus. The evidence 
for this statement is very clear: at neurosurgical operations, 
drops of CSF have been seen exuding from the surface of the 
choroid plexus of lateral ventricles. However, choroid plexus 
is not the only source of CSF as shown by the fact that some 
CSF continues to be formed even after removal of the choroid 

plexus. The other sources of CSF are the ependymal cells of 
the ventricles and the brain itself, via the perivascular spaces. 
As may be deduced from the structural relationships discussed 
earlier, the fl uid formed in the perivascular space would enter 
the subarachnoid space directly.
 The total volume of CSF in an adult is about 125 mL. The 
rate of formation of CSF is about 500 mL/day. Thus the CSF is 
replaced about 4 times every day.

Mechanism of Formation
The composition of CSF suggests that it is formed by a com-
bination of fi ltration, active secretion and reabsorption. The 
choroid plexus prepares an ultrafi ltrate of the plasma, not unlike 
the renal glomeruli. The choroid epithelium secretes sodium 
ions by active transport. As a result of the electrical gradient 
so generated, chloride ions move into the CSF passively. The 
movement of sodium and chloride ions raises the osmotic pres-
sure of the ventricular fl uid, resulting in passive fl ow of water 
into the ventricles. Potassium and bicarbonate ions are actively 
transported out of the CSF into the blood stream.
 As a result the osmolarity and sodium ion concen tration of 
CSF is the same as that of plasma, the chloride ion concentra-
tion is higher, but potassium and bicarbonate ion concentration 
is lower than that of plasma. The glucose concentration of CSF 
is lower, and hydrogen ion concentration slightly higher than 
that of plasma, possibly due to utilization of glucose by the 
brain. The composition of CSF is given in Table 12.2.1.

CIRCULATION OF CSF
The CSF fl ows from the lateral ventricles towards the third 
ventricle, and from the third ventricle towards the fourth 
ventricle. It fi nally leaves the ventricular system through the 
foramina of Magendie and Luschka to enter the subarachnoid 
space (Fig. 12.2.5). In the subarachnoid space, CSF travels 
both upwards towards the cerebral hemispheres and down-
wards towards the spinal cord. The direction of fl ow of CSF 
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Table 12.2.1: Composition of cerebrospinal fl uid 
compared to that of plasma

 CSF Plasma

Protein (mg/dL) 30 7000
Sodium (mEq/L) 145 145
Chloride (mEq/L) 115 100
Potassium (mEq/L) 2.8 4.5
Bicarbonate (mEq/L) 25.1 24.8
Glucose (mg/dL) 60 100
pH 7.3 7.4
Osmolarity (mOsm/L) 290 290

Data from multiple soruces. Figues rounded off to the extent consid-
ered appropriate

Fig. 12.2.5: Circulation of cerebrospinal fl uid. The gap between the 
brain and the spinal cord represents the long segment of spinal cord 
which has been omitted to save space. CSF leaves the ventricular 
system to enter the subarachnoid space through the foramamen 
of Magendie (shown) and foramina of Luschka (not shown). It is 
absorbed through the arachnoid granu lations into the venous blood.

has been deduced from several observations, some of which 
are:
i. If the aqueduct of Sylvius is occluded, the lateral ventricles 

and the third ventricle get distended.
ii. If one of the foramina of Monro is blocked, the corres-

ponding lateral ventricle gets distended. However, if the 
choroid plexus of that ventricle is removed, it does not get 
distended.

iii. If the foramina of Magendie and Luschka are bloc ked, the 
entire ventricular system gets distended.

ABSORPTION OF CSF
CSF is absorbed from the subarachnoid space by the 
arachnoid villi into the subdural venous sinuses (Fig. 12.2.5). 
The main driving force for the movement of the fl uid is the 
colloid osmotic pressure of plasma, which is 25 mmHg 
higher than that of CSF because CSF does not have plasma 
proteins.
 The hydrostatic pressure of CSF is 0.5-5 mm Hg higher 
than that in the subdural venous sinuses, thereby providing an 
additional force favouring absorption of CSF.

FUNCTIONS OF CSF
The functions of CSF may be discussed under four headings.

1. Providing Optimum Environment to Neurons
Neurons are highly sensitive to changes in their external envi-
ronment; in fact, that is the basis of their function. Therefore it 
is important that their environment should be constant except 
during the arrival of a meaningful signal or stimulus. Although 
interstitial fl uid in the central nervous system is scanty, con-
stancy of external environment is ensured by the CSF. This is 
so because CSF is in touch with blood on one hand, and inter-
stitial fl uid on the other (Fig. 12.2.6).

2. Homeostatic Role
Since CSF is an intermediary between blood and inters titial 
fl uid as shown in Figure 12.2.6 it is able to sample chemical 
changes in both. Hence an increase in hydrogen ion concen-
tration in the blood due to generalized hypo xia, as well as an 
increase in hydrogen ion concentration of cerebral interstitial 
fl uid due to local hypoxia, are both communicated to the CSF. 

The CSF, in turn, can transmit the change to chemosensitive 
respiratory neurons as well as cerebral blood vessels leading to 
appropriate homeostatic responses.

3. Removal of Proteins
As in other tissues, a small amount of protein leaks into the 
interstitial fl uid of the brain. In other tissues, the leaked protein 
is drained by the lymphatics (Chapter 3.10). But the brain has 
no lymphatics. In the brain, the protein that has leaked out of 
the capillaries into the interstitial fl uid is drained by the CSF 
and returned to blood stream. Thus the CSF serves the function 
of lymphatics in the central nervous system.

4. Protection
CSF provides a cushion around the brain and protects it from 
injury. This is possible because the specifi c gravity of the brain 
is only slightly higher than that of the CSF. Hence, the brain, 
which weighs about 1400 g in air, weighs only 50 g in CSF. 
Hence the brain fl oats freely in CSF rather than rest heavily on 
the rigid skull.

Contrecoup Phenomenon
In spite of the CSF, the brain does get injured sometimes. What 
is surprising is that frequently the brain injury is on the side 
opposite that on which the head is hit. This is known as the 
contrecoup phenomenon. It happens because the head moves 
in the direction of the blow which hits it. The skull moves with 
the head but the brain lags behind slightly due to inertia. This 
creates a vacuum between the brain and the skull on the side 
opposite the blow. When the head and skull come to rest, the 
side of the brain opposite the blow goes and hits the skull due 
to a combination of inertia and the vacuum (Fig. 12.2.7).
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CLINICAL PHYSIOLOGY OF CSF

CSF is a relatively easily accessible fl uid which provides the 
clinician a window to the brain. Hence its exami nation is of 
great importance in several conditions.

Examination of CSF
A sample of the CSF may be obtained by lumbar punc ture. 
During lumbar puncture, a needle is intro duced between the 
third and the fourth lumbar, or the fourth and the fi fth lumbar 
vertebra. The safety of this procedure depends on the fact that 
the spinal cord extends only upto the fi rst lumbar vertebra but 
the dura and arachnoid (and hence the subarachnoid space) 
continue up to the second sacral vertebra (Fig. 12.2.8). If the 
lumbar puncture is done properly, clear CSF fl ows out of the 
needle. If the CSF pressure (also called intracranial pressure or 
tension) is normal, the fl ow of CSF out of the needle is about 1 
drop per sec. An accurate idea of the pressure may be obtained 
by attaching the needle to a manometric tube. If the subject is 
in the recumbent posture, normally the CSF should rise less 
than 20 cm in the tube because the normal CSF pressure is less 
than 200 mm CSF (or water), the range being 65-200 mm CSF 
(5-15 mmHg). If the subject is in the sitting posture, one may 
add 200 mm CSF to the pressure, the normal range then being 
265-400 mm CSF.
 In addition to measurement of CSF pressure, the sample 
of CSF obtained is examined visually, micro scopically and 

Fig. 12.2.6: The intimate relationship between cells, interstitial fl uid and blood as seen in most tissues (Fig. 12.2.1) is modifi ed in the brain. 
Neurons have very little interstitial space around them. In the nervous system, the glial cells seem to perform some of the functions of the 
interstitial space. In the fi gure, one neuron has been shown in relation with three glial cells. The cerebrospinal fl uid (CSF) may be considered 
a special interstitial fl uid which interacts with the glial cells via the perivascular space (PVS) and ependyma (EP). A. arterial end of capillary: 
V, venous end of capillary; PVS, perivascular space; EP, ependyma; AV, arachnoid villi.

Fig. 12.2.7: Contrecoup phenomenon. The brain injury may be on the side opposite that on which the head receives a blow.

Fig. 12.2.8: The safe sites for lumbar puncture (1, 2)

chemically. Normal CSF is clear; turbidity generally indicates 
presence of excess proteins and cells. The presence of cells 
may be ascertained by microscopic examination. The most 
useful chemical estimations are protein and glucose concentra-
tion. Infl ammation of the meninges (meningitis) is character-
ized by presence of excess protein and cells in CSF. The glu-
cose concen tration in CSF is generally low in meningitis due to 
utilization by microorganisms responsible for the disease. The 
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degree of changes in CSF also gives some idea about the nature 
of the infection, which may be confi rmed by microbiological 
examination.

Effects of Raised CSF Pressure
Since the bony cranium is a rigid structure, raised CSF pres-
sure compresses the brain and is thereby likely to damage it. 
The relationship of intracranial structures is well summed up 
in the Monro-Kellie doctrine which states that of the three ele-
ments—brain, blood and CSF—if any one increases, it is at the 
expense of the other two. A rise in CSF pressure may be partly 
compensated by increased rate of absorption or decreased rate 
of formation. But if the compensation is not entirely success-
ful, brain damage may occur.
 Raised CSF pressure may be detected during examination 
of the fundus of the eye. As discussed earlier, an extension of 
the subarachnoid space continues along the optic nerve. When 
the CSF pressure is raised, the pressure in this extension also 
rises. As a result, the blood vessels travelling along the optic 
nerve get compressed. Obstruction to the return of venous 
blood from the optic disc makes the veins around the disc 
engorged and may lead to some extravasation of fl uid from 
the capillaries. This appearance of the optic disc is known as 
papilledema. The importance of papilledema lies in providing 
an early warning of a potentially dangerous condition through 
a simple non-invasive test.
 When the CSF pressure is raised, lumbar puncture is risky 
because the sudden release of pressure by the puncture may 
suck the brainstem downwards. Herniation of the medulla and 
cerebellum into the foramen magnum may damage the cardi-
orespiratory centers in the medulla, leading to sudden death. 
The phenomenon is known as coning. In order to avoid this 
tragedy:
i. fundus examination should always be done before a lumbar 

puncture to make sure that there is no papilledema, and
ii. if papilledema is detected, lumbar puncture should be 

avoided. However, if the puncture is considered necessary, 
it should be done using a fi ne bore (no. 22 or 24) needle. 
If the pressure is actually above 400 mm of water, urea or 
mannitol should be administered until the pressure falls.

Queckenstedt Test
If during the lumbar puncture, while the needle and manom-
eter are in position, the jugular veins are pressed, obstruction 
of the venous fl ow leads to a rise in CSF pressure. The rise 
can be seen in the manometer. Normally the rise is rapid, and 
to the tune of 100 to 200 mm water, and the pressure returns 
to the original level within 10 seconds after release of jugular 
compression. However, if there is a spinal subarachnoid block, 
the rise and fall may be slower and less, or entirely absent. 
This test for detecting a spinal subarachnoid block is called 
Queckenstedt test.

Hydrocephalus
Hydrocephalus is an increase in the volume of CSF lead-
ing to enlargement of cerebral ventricles. Logically, there are 
three possible causes of hydrocephalus. First, increased rate 

of formation of CSF; this is actually extremely rare. Second, 
reduced rate of absorption of CSF; and third, obstruction to 
the fl ow of CSF due to blockage of foramina of Magendie and 
Luschka. Hydrocephalus due to reduced rate of absorption of 
CSF is also called the communicating type, because the com-
munication between the ventricles and subarachnoid space 
is intact; in contrast, hydrocephalus due to obstruction of the 
foramina is called non-communicating.

BLOOD BRAIN BARRIER AND
BLOOD CSF BARRIER

It was fi rst observed by Paul Ehrlich that if Trypan blue is 
injected into the circulation, it stains almost all tissues of the 
body except the brain and spinal cord. It is as if a special bar-
rier exists between the blood and the brain. A similar barrier 
exists between the blood and CSF. The importance of the bar-
riers seems to be that they protect the neurons from harmful 
substances. Since neurons are more sensitive to environmental 
changes than other cells (that is why they are able to do their 
job!), they deserve a specially sheltered environment.
 The barriers normally allow small molecules and lipid sol-
uble substances to pass through easily. Large molecules, such 
as proteins, water soluble substances, and substances bound to 
plasma proteins do not pass the barriers.

Anatomical Basis
The anatomical basis of the blood brain barriers resides in the 
special structure of capillaries of the brain. Their endothelial 
cells are joined by tight junctions, reducing the permeability of 
the capillaries. Further, the capillaries are surrounded by proc-
esses of glial cells which expand to form a complete sheath 
around capillaries (Chapter 12.3). The processes of the same 
glial cells are in contact with neurons at the other end. Thus the 
glial cells constitute an additional structure interposed between 
capillaries and neurons, and may contribute to the blood brain 
barrier.
 As may be predicted from the earlier discussion on anat-
omy, the structural basis of the blood CSF barrier possibly 
resides in the choroid plexus. The selective and low permeabil-
ity of the choroid plexus capillaries allows only the constitu-
ents of the CSF to be fi ltered or secreted into the CSF.

Defi cient or Weak Blood Brain Barrier
The blood-brain barrier is defi cient or weak in some normal 
and abnormal situations.
1. No signifi cant blood-brain barrier exists in some regions 

of the brain collectively called circumven tri cular organs. 
Important among these regions are the area postrema in 
medulla oblongata, in which is located the chemoreceptor 
trigger zone; some areas of the hypotha la mus which detect 
changes in glucose utilization and osmolarity, and secrete 
release hormones; pituitary; and the pineal. As is clear, 
these are either areas of the brain which need to sense spe-
cifi c changes in the blood, or endocrine glands which hap-
pen to be closely asso ciated with the brain.
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2. Blood-brain barrier is weak during infancy. That is why if 
an infant has jaundice, bilirubin is likely to enter the nerv-
ous system. The regions most often damaged by bilirubin 
are the nuclear masses in basal ganglia, brain stem and cere-
bellum, perhaps because these regions have a higher affi nity 
for bilirubin. However, other regions of the brain may also 
show bilirubin deposits. The symptoms correspond to the 
regions damaged by bilirubin, and the condition is known 
as kernicterus.

3. Blood-brain barrier is defi cient in a brain tumour. This fact 
is made use of in diagnosis. If a brain tumour is suspected in 
a patient, radioiodinated serum albumin is injected into the 
blood stream. Then the brain is scanned for radioactivity. 
Radioactivity appears only in regions of the tumour because 
its entry to the normal regions of the brain is blocked by the 
blood brain barrier. Hence detection of radioactivity in an 
area of the brain confi rms the presence of the tumour and 
also tells its location.

4. Blood-brain barrier is also weakened by infection of the 
brain or meninges. This fact is made use of in treatment. 
Antibiotics like penicillin which do not normally cross the 
blood-brain barrier can still be employed for treating these 
infections because in the diseased state the antibiotics can 
enter the nervous system.

5. It has been observed that the blood-brain barrier may be 
weakened experimentally by exposing the cerebral capil-
laries to a hyperosmolar solution. The procedure possibly 
acts by shrinking the endothelial cells, thereby making 
the tight junctions less tight. The process has been fi gu-
ratively described as unzipping the tight junctions. This 
phenomenon is also exploited in treat ment of infections or 
tumours of the brain. A hyper tonic solution (e.g. hypertonic 
urea) is given by intra carotid injection. This is expected to 
weaken the blood- brain barrier. The injection is soon fol-
lowed by the appropriate drug for the disease. In this way 
a high concentration of the drug can be delivered where 
it is really required without distributing the drug through-
out the body where it might only produce unwanted side 
effects.

Is there a CSF Brain Barrier
Although there is a blood-brain barrier and a blood CSF bar-
rier, there is no CSF-brain barrier. This is so because CSF in 
the ventricles is separated from the brain by ependymal cells, 
and CSF in the subarachnoid space (including its extensions, 
the perivascular spaces) is separated from the brain by the pia 
mater. Both the ependyma and the pia mater are highly perme-
able. Therefore, there is no CSF brain barrier. Hence a drug or 
an anaesthetic agent injected into the CSF by lumbar puncture 
can reach the brain and spinal cord easily.
 A good understanding of CSF and brain barrier mecha-
nisms is important for understanding normal brain function 
as well as many important aspects of diagnosis and treatment. 
A further insight into the blood brain barrier may be obtained 
from a consideration of neuroglia which have been discussed 
in the next chapter.

QUESTIONS AND PROBLEMS
1. Why is the chloride ion concentration of CSF higher than 

that of plasma?
2. Why is injury to subdural venous sinuses dangerous?
3. How does jugular venous compression raise CSF pressure 

in the Queckenstedt test?

Answers and Solutions
1. It is in accordance with Gibbs-Donnan equilibrium, because 

protein anions are present only in the plasma. This is a good 
occasion to look up Gibbs-Donnan equilibrium again if you 
have forgotten what it is (Chapter 1.4).

2. Please refer to Chapter 3.10, Question 5.
3. In Queckenstedt test, the jugular veins are pressed just hard 

enough to obstruct venous outfl ow from the brain, but arte-
rial infl ow continues uninterrupted. This raises the venous 
pressure, including the pressure in the subdural venous 
sinuses. That is why absorption of CSF is reduced. But 
formation of CSF continues uninterrupted because arterial 
blood supply is intact. Continued formation with reduced 
absorption of CSF increases the CSF pressure.
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12.3
Neuroglia

Neuroglia are the equivalent of connective tissue cells in the 
nervous system (glia, glue). Besides neurons, glial cells are 
the only other major cell type in the nervous system. In fact, 
the number of glial cells is at least ten times the number of 
neurons. In contrast with neurons, which generally do not mul-
tiply, glial cells are capable of multiplying by mitosis. Glial 
cells have a resting membrane potential of -85 to -90 mV but 
do not show an action potential. However, they do show slow, 
somewhat disorganized, low voltage drifts. For a long time, 
not much was known about the function of neurolgia. They 
were vaguely assigned, without much evidence, a supportive 
or nutritive function. But now that we know a little more about 
their function, glial cells are looked upon with greater respect.
 The different types of neuroglia are classifi ed as shown in 
Figure 12.3.1 and Table 12.3.1
 Astrocytes (astron, star), as their name indicates, are star 
shaped. The fibrous type of astrocytes are assocaited with 
nerve fi bres (axons) while the protoplasmic type are associated 
with cell bodies of neurons, dendrites and synapses. While one 
set of processes of an astrocyte are associated with neurons, the 
other set of process of the same astrocyte are close to capillar-
ies. Both sets of processes end in expanded structures called 
end feet.
 The structural relations of astrocytes suggest several 
functions.
1. The end feet of astrocytes form an additional layer of cells 

around capillaries of the brain. This suggests that the glial 
cells possibly contribute to the blood brain barrier.

2. The fact that one process of an astrocyte ends at capillaries 
and another at neurons suggests that they might function 
like the interstitial space. In other words, they might have 
a role in transporting nutrients from the capillaries to neu-
rons, and waste products from neurons to capillaries. Thus, 
like the CSF, neuroglia might supplement the meagre inter-
stitial fl uid in the brain.

3. The role of neuroglia in meeting the nutritional needs of the 
brain is no longer just a conjecture. There is evidence that 
during phases of low neuronal activity, astrocytes convert 
glucose into glycogen. During phases of high neuronal 
activity, glycogenolysis predominates in the astrocytes, and 
the glucose so released is made available to the neurons.

4. The anatomical bridge that the astrocytes form between the 
capillaries and neurons has inspired yet another hypothe-
sis for which there is some experimental evidence already 
available. It has been proposed that astrocytes play a role 
in regulating regional blood fl ow in the brain to match neu-
ronal activity. In support of the hypothesis, glutamate, a 
common neurotransmitter, releases arachidonic acid (AA) 
from the plasma membrane into the astrocytes. Astrocytes 
metabolize AA into epoxyeicosatrienoic acids (EET). EET 
dilate cerebral arterioles through activation of potassium 
channels. Thus astrocytes may sense neuronal activity, and 
induce hyperemia in regions where the activity is high.

 The same mechanism has also been proposed for a long-
term adjustment of blood fl ow to neuronal activity. EET 
also induce mitogenic activity in capillary endothelium and 
induce endothelial tube formation. It has been proposed that 
persistent increase in neuronal activity in a region of the 
brain might eventually increase the capillary density in that 
region. That is how a region of the brain that is used more 
may develop a higher capillary density.

5. The astrocytes are likely to be involved in healing and repair 
of injury in the nervous system. In other words, they func-
tion like the connective tissue cells of other tissues. This is 
a function astrocytes have been long suspected of having.

6. Neuronal activity involves conduction of action poten-
tials. Genesis of an action potential is associated with net 
infl ux of sodium ions and net effl ux of potassium ions. 
During intense neuronal activity, it is likely that potassium 
ion concentration in the extracellular fl uid might rise so 
high as to impair neuronal function. There are indications 
that potassium levels are prevented from rising to such 

Table 12.3.1: Classifi cation of neuroglia

MACROGLIA
1. Astrocytes
  a. Fibrous
  b. Protoplasmic
2. Oligodendrocytes
3. Ependymal cells
MICROGLIA
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deleterious levels by the neuroglia. The fi brous astrocytes 
being very close to the axons possibly pick up the excess 
potassium ions. Mopping up the excess potassium is the 
likely basis of the slow depolarization that characterizes 
neuroglia.

7. Astrocytes may also have a role in taking up any excess 
of neurotransmitters that might accumulate as a result of 
heavy neuronal activity.

8. The presence of astrocyte processes in relation to synapses 
suggests that they might be insulating a synapse from its 
neighbours thereby allowing each synapse to function 
independently.

 Oligodendrocytes (oligos, few), as the name suggests, 
have very few processes. This category of glial cells has the 
specifi c function of forming myelin. Their counterpart in the 
peripheral nervous system is the Schwann cell. The main dif-
ference between the two is that each Schwann cell envelops 

Fig.12.3.1: Different types of neuroglia.

only one axon but an oligodendrocyte envelops as many as 
twenty axons with the myelin sheath.
 Ependymal cells, as discussed already (Chapter 12.2), line 
the ventricular system, and may contribute to the formation of 
CSF.
 Microglia (micros, small) as the name suggests, are small-
sized glial cells. They are phagocytic in function. It is gener-
ally thought that they are mesodermal in origin and are derived 
from circulating monocytes and perivascular pericytes. But 
there is some evidence indicating that microglia are also neu-
roectodermal in origin like the other cellular elements of the 
nervous system.
 As the above discussion indicates, our ideas about glial 
function are still largely speculative. But valuable clues are 
now available and further research should help acquire more 
defi nitive knowledge about this large population of cells in the 
central nervous system.
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12.4
Interneuronal 

Communication: Synaptic 
Transmission

The primary function of nervous system is coordination. 
Coordination depends upon communication between the 
parts whose activities are being coordinated. Nervous system 
achieves communication through chains of neurons. For effec-
tive communication, neurons should be able to communicate 
with the parts which they interconnect as well as with each 
other (Fig. 12.4.1). We have already learnt how neurons talk 
to a very common effector organ, the skeletal muscle, while 
discussing neuro muscular transmission (Chapter 11.4). We 
shall see how a sensory neuron talks to a source of informa-
tion (receptor organ) in Chapter 12.5. In this chapter we shall 
see how neurons talk to each other. The junction between two 
neurons is called a synapse (synapsis, junction), a term coined 
by the eminent neurophysiologist, Sir Charles Sherrington. The 
process of communication between two neurons across a syn-
apse is called synaptic transmission. There is so much simi-
larity between synaptic trans mission and neuromuscular trans-
mission that knowing one greatly facilitates learning the other. 
Further, neuro muscular transmission is somewhat simpler than 
synaptic transmission. Hence revising Chapter 11.4 will facili-
tate understanding this chapter.

STRUCTURE OF A SYNAPSE
A synapse is a junction between two neurons which partici-
pate in a one-way fl ow of information. The neuron which sends 
or transmits messages is called the presynaptic neuron. The 
neuron which receives messages is called the postsynaptic 
neuron. In a typical synapse, the junction is between the axon 
of the presynaptic neuron and the dendrites or soma (cell body) 
of the postsynaptic neuron. Accordingly, the synapse is called 
axo-dendritic or axo-somatic. A typical neuron has hundreds 
of axon terminals impinging on its dendrites and soma; con-
versely the axon terminal of a neuron has hundreds of branches 
terminating on hundreds of postsynaptic neurons. The human 
brain has about 1012 neurons and 1015 synapses, giving an 
average of 1000 synapses per neuron. The complexity of neu-
ronal circuitry of the brain can easily be imagined.
 The presynaptic axon terminal shows a high concen-
tration of vesicles containing the neurotransmitter, and a large 
number of mitochondria indicating high metabolic activity 
(Fig. 12.4.2). The presynaptic terminal is separa ted from the 

Fig. 12.4.1: Coordination depends on communication. If the activities 
of structures A and E have to be coordi nated with each other, 
communication should be established at points 1,2,3 and 4. Above, 
a hypothetical chain. Below, a refl ex arc, in which A is a sensory 
receptor, B is a sensory neuron, C an interneuron, D a motor neuron, 
and E an effector (e.g. muscle). Communication at 1 will be discussed 
in chapter 12.5, and that at 4 has already been discussed in Chapter 
11.4. Communication between neu rons, e.g. at 2 and 3, is the subject 
of this chapter.

Fig. 12.4.2: Schematic diagram of the structure of a synapse.
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postsynaptic membrane by the synaptic cleft, which is 20-50 
nm wide. On the side facing the synaptic cleft, the postsyn-
aptic membrane bears receptors for neurotransmitter. On the 
side facing the neuron, the postsynaptic membrane bears a 
prominent structure, the postsynaptic density (PSD). The major 
PSD proteins are a Ca/calmodulin dependent protein kinase, 
substrates for the kinase, and phosphates. Phos phory lation 
and dephosphorylation of postsynaptic membrane proteins 
are involved in controlling the sensitivity of the postsynaptic 
neuron.

THE PROCESS OF SYNAPTIC TRANSMISSION
Synaptic transmission is typically a quick process, taking about 
1 msec. But it can be split into a number of discrete steps which 
have been discussed below (Fig. 12.4.3).

Arrival of the Message
The message arrives at the synapse in the form of a train of 
action potentials propagated along the presynaptic axon. On 
reaching the presynaptic terminal, the action potentials open 
up voltage-gated calcium channels. Blocking sodium channels 
with tetradotoxin, or blocking potassium channels with tetra-
ethylammonium, does not inhibit further events in synaptic 
transmission provided depolarization comparable to that of 
an action potential can be somehow produced at the presyn-
aptic axon terminal. This indicates that neither sodium infl ux 
nor potassium effl ux are essential for the progress of synaptic 
transmission. On the other hand, calcium infl ux at the presyn-
aptic terminal is essential for the next step in synaptic transmis-
sion. Calcium infl ux is a graded process. Higher the frequency 
of action potentials, more the voltage-gated calcium channels 
that open up, and greater the calcium infl ux.

Release of Neurotransmitter
Infl ux of calcium ions leads to release of the neuro transmitter 
chemical from synaptic vesicles. The release is by exocytosis, 
and is a graded process. Larger the calcium infl ux, greater is 
the amount of neurotransmitter released. The unit of neuro-
transmitter released is a packet or quantum. If acetylcholine is 
the neuro transmitter employed, one quantum consists of about 
10,000 molecules of acetylcholine. The neurotransmitter dif-
fuses into the synaptic cleft and reaches the post synaptic mem-
brane. More the quanta of neurotransmitter released, greater 
are the postsynaptic effects.

Development of Postsynaptic Potential
The postsynaptic membrane has specifi c receptors for the neu-
rotransmitter. Combination of the neurotransmitter molecules 
with specifi c receptor sites leads to opening up of chemically 
gated ionic channels in the postsynaptic membrane. Opening 
up of these channels brings about a graded change in mem-
brane potential, called the postsynaptic potential. The exact 
channels opened, and the nature of the postsynaptic potential 
depend on the neurotransmitter. Neurons in the central nervous 
system employ a large variety of neurotransmitters, which may 
excite or inhibit the postsynaptic neuron.

Fig. 12.4.3: The major steps in synaptic transmission. 1. Arrival of the 
message. The message is in the form of action potential, as shown 
diagrammatically on the right. 2. Infl ux of calcium ions. 3. Release 
of neurotransmitter. 4. Development of postsynaptic potential. 
Several excitatory (E) and inhibitory (I) neurotransmitters may act 
on the postsynaptic membrane simul taneously. 5. The postsynaptic 
potentials are integrated at the axon hillock. If the summated post-
synaptic potential (S) crosses a threshold depolarization, the post-
synaptic membrane is ready to fi re. 6. Action potential in the axon of 
the postsynaptic neuron.

How Calcium Infl ux Releases the Neurotransmitter

It is interesting to gain some insight into the process by 
which calcium ion infl ux into the presynaptic nerve ter-
minal releases the neurotransmitter molecules from vesi-
cles. Calcium activates a Ca/calmodulin dependent protein 
kinase. Activation of the kinase phosphorylates a protein, 
synapsin, which is associated with the synaptic vesicles. 
Phosphorylation of synapsin leads to its dissociation from 
the vesicles. That allows the vesicles to move towards the 
plasma membrane. Movement of vesicles involves activ-
ity of cytoskeletal proteins, similar to actin. When a vesi-
cle reaches the plasma membrane it fuses with the mem-
brane, and the neurotransmitter is released by exocytosis. 
It is fascinating that the mechanism and contractile proteins 
employed for the movement of the tiny vesicles are so simi-
lar to those employed by bulky skeletal muscles.

 If the interaction is excitatory in nature, the neuro trans-
mitter opens up chemically gated sodium and potassium chan-
nels (Fig. 12.4.4). Available evidence suggests that these chan-
nels are suffi ciently large for the same channel to allow free 
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passage to both sodium and potassium ions. In keeping with 
the electrochemical gradients, opening up of these channels 
results in sodium infl ux and potassium effl ux, the net result of 
which is depolarization. The depolarization is called excitatory 
postsynaptic potential (EPSP). EPSP is a graded, nonpropa-
gated depolarization which spreads with decrement through an 
electrotonic mechanism.1

 If the interaction between the neurotransmitter and the 
postsynaptic receptors is of the inhibitory type, the neurotrans-
mitter opens up chemically gated chloride channels, or potas-
sium channels, or both (Fig. 12.4.5).
 Opening up of chloride channels results in chloride infl ux 
because the concentration of chloride ions in the extracellu-
lar fl uid (150 mM) is much higher than that within the cell 
(10 mM). As a result of the chloride ion infl ux the membrane 
potential moves towards the chloride equilibrium potential. 
The resting membrane potential of a ‘typical neuron’ is –55 
mV, whereas chloride equilibrium potential is –65 mV. Hence 
the infl ux of chloride can hyperpolarize neurons up to the level 
of about -65 mV.
 Opening up of the potassium channels results in potassium 
effl ux because the concentration of potassium ions within the 
cell (124 mM) is much higher than that in the extracellular fl uid 
(2 mM) . As a result of the potas sium ion effl ux, the membrane 
potential moves towards the potassium equilibrium potential. 
The potas sium equi li brium potential is -70 mV. Hence the 
effl ux of potassium can hyperpolarize neurons up to the level 
of -70mV.
 The hyperpolarization of the postsynaptic membrane 
brought about by a neurotransmitter is called inhibitory post-
synaptic potential (IPSP). IPSP is also a graded, nonpropagated 
change which spreads by decrement through an electrotonic 
mechanism.

Summation of Postsynaptic Potentials
Each neuron receives thousands of presynaptic terminals on its 
dendrites or cell body. At any given time, large num ber of these 
are likely to transmit messages simul taneously. Some of these 
messages may be excitatory and others inhibitory. All these 
messages summate along the postsynaptic membrane. What 
it means is that the different EPSPs and IPSPs get added up 
mathematically. However, the net result of the summation is 
not the same at all points on the postsynaptic membrane. The 
reason is that as we move farther away from the point where 
an EPSP or IPSP originates, its contribution to the summated 
potential decreases. The summated potential which really mat-
ters is the one at the initial segment of the axon (also called the 
axon hillock).

Generation of Action Potential
An action potential is triggered by depolarization of a certain 
minimum magnitude. The minimum depolari zation which is 
essential to trigger an action potential is called the threshold. 
The threshold for action potential varies at different points on 
the postsynaptic membrane. The site of the lowest threshold is 
the initial segment of the axon, or the axon hillock, which is 
unmyelinated even in myelinated nerve fi bres. Since the initial 
segment is the most sensitive point on the postsynaptic mem-
brane, it determines whether an action potential is generated, 
or ‘fi red’. If the summated postsynaptic potential crosses the 
excitatory threshold at the initial segment, an action potential 
is fi red. The fi ring of the action potential is due to the transient 
opening up of voltage gated channels in a precise sequence. 
First, the opening up of sodium channels leads to a marked 
sodium ion infl ux resulting in depolarization to the tune of 
nearly 100 mV. Then, the opening up of potassium channels 
leads to potassium ion effl ux resulting in repolarization, thus 
restoring the resting membrane potential. The action potential 

Fig. 12.4.4: Excitatory postsynaptic potential. The release of 
neurotransmitter in the synaptic cleft leads to an increase in 
permeability of the postsynaptic membrane to sodium and potassium. 
As a result, the postsynaptic neuron shows a depolarization known  
as excitatory postsynaptic potential (EPSP).

1 If you are not clear about the terms used in this paragraph to describe the characteristics of EPSP, refer to Chapter 11.4. The characteristics of EPSP are 
very similar to those of the end plate potential.

Fig. 12.4.5: Inhibitory postsynaptic potential. The release of 
neurotransmitter in the synaptic cleft leads to an increase in the 
permeability of the postsynaptic membrane to either chloride 
or potassium. As a result, the postsynaptic membrane shows a 
hyperpolarization known as inhibitory postsynaptic potential (IPSP).
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is a brief all or none depolarization, which is propagated along 
the axon without decrement. The `all or none’ character applies 
only to the magnitude and time course of the action poten-
tial. The frequency of action potentials is altered by the mag-
nitude of the summated EPSP at the initial segment. Greater 
the magnitude of the EPSP above the threshold, higher is the 
fi ring frequency. This happens because the threshold for fi ring 
changes during the course of an action potential and for a brief 
period following it. During the action potential, the thresh-
old is so high that it is impossible to excite the cell (absolute 
refractory period). Following the action potential the threshold 
falls steadily but for several milliseconds it is still above the 
threshold of the resting cell (relative refractory period). Higher 
the EPSP, earlier is the next potential fi red during the rela-
tive refractory period, thereby increasing the frequency of the 
action potentials.

Fate of the Neurotransmitter
The binding of the neurotransmitter to its receptors on the post-
synaptic membrane is a dynamic process. The bound neuro-
transmitter molecules are released while new ones are getting 
bound. Besides, every synapse has an arrangement for inac-
tivation of the transmitter so that its action does not continue 
indefi nitely. The arrangement may consist of one or more of 
several alternatives: an enzyme to inactivate the neurotransmit-
ter, and a mechanism for reuptake of the neurotransmitter fol-
lowed by recycling and/or enzymatic degradation.
 If acetylcholine is the neurotransmitter, it is removed 
from the scene of action by enzymatic hydrolysis by acetyl 
cholinesterase which is localized to the postsynaptic mem-
brane. If the neurotransmitter is noradrenaline, it is partly inac-
tivated in the synaptic cleft by catechol-o-methyltransferase, 
and partly taken back by the presynaptic terminal, where it is 
partly recycled and partly inactivated by monoamine oxidase.

Some Finer Details
Although the story of synaptic transmission is now essentially 
complete, there are additional details which add to the com-
plexity and fascination of the process. First, the presynaptic 
membrane also has receptors for the neurotransmitter. This 
may modulate the further release of neurotransmitter. Release 
of the neuro transmitter may also be modulated by calcium ions 
and other neuromodulators, some of them released by the post-
synaptic neuron (retrograde signaling).
 The synapse may also be modulated postsynaptically by 
a variety of mechanisms. First, along with the small mol-
ecule neurotransmitter, neuromodulator peptides may also be 
released from the presynaptic terminal. Second, neuroactive 
substances may diffuse to the postsynaptic membrane from 
neighboring neurons or from the blood stream. These sub-
stances may modulate the response of the postsynaptic mem-
brane to the neurotransmitter, or may affect the intracellular 
postsynaptic events.

RENSHAW CELL INHIBITION
Renshaw cells are inhibitory neurons in the spinal cord which 
are activated by branches of motor cell axons (Fig. 12.4.6) 

Renshaw cell terminals inhibit the motor neuron which acti-
vates them, and also neighbouring motor neurons. Inhibition 
of the same motor neuron limits the motor activity through a 
negative feedback. Inhibition of neighbouring motor neurons 
increases the contrast between the active and inactive motor 
neurons through the process of lateral inhibition. Negative 
feedback is a basic regulatory mechanism in the body, and lat-
eral inhibition is a general mechanism for sharpening signals 
in the nervous system. Renshaw cells, fi rst described in 1941, 
illustrate two fundamental mechanisms which fi nd widespread 
application in the body.

PLASTICITY OF SYNAPTIC TRANSMISSION
Plasticity of synaptic transmission refers to modulation of the 
outcome of synaptic activity by preceding events. Infl uence 
of previous experiences on present behaviour constitutes the 
basis of learning. Therefore, plasticity of synaptic transmission 
is sometimes considered the most primitive form of learning. 
There are at least three known phenomena which might con-
tribute to plasticity.

1. Presynaptic Inhibition and Facilitation
Presynaptic inhibition is brought about by axo-axonal syn-
apses. The activity at the synapse reduces the magnitude of the 
action potential distal to the synapse (Fig. 12.4.7). A smaller 
action potential reduces calcium infl ux, which in turn reduces 
the amount of neuro trans mitter released. It might be argued 
how the magnitude of the action potential can be altered if it is 
an all or none change. The all or none character holds good only 
under a given set of conditions. Release of a neurotransmitter 
at the axo-axonal synapse changes the conditions, and hence 
the action potential can acquire a new ‘all or none’ value which 
holds good for the new conditions. The next question naturally 
is in what respect the conditions are altered. Neurotransmitters 
which produce presynaptic inhibition increase chloride con-
ductance or decrease sodium conductance. Increase in chlo-
ride conductance results in chloride infl ux, which reduces the 
peak of the action potential (Fig. 12.4.5). Decrease in sodium 
conduc tance reduces the sodium infl ux which is responsible 

Fig. 12.4.6: Renshaw cells. In the diagram an alpha motor neuron 
(M) has been shown sending a stimulatory collateral to a Renshaw 
cell (R). The Renshaw cell, in turn, inhibits, the very motor neuron 
which stimulates it, thereby constituting a negative feedback loop.
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for the depolarization associated with the action potential, 
thereby reducing the peak of the action potential. The classical 
neuro transmitter employed for presynaptic inhibition is gamma 
amino butyric acid (GABA).
 Recently presynaptic facilitation has also been described 
in sea snail (Aplysia). The mechanism by which it acts is to 
increase the height of the action potential. This is achieved by 
a reduction in potassium conductance. Increased potassium 
conductance is responsible for the repolarization phase of the 
action potential. Hence if potassium conductance is reduced, 
repolarization is delayed, allowing sodium infl ux to take the 
depolari zation higher. The neurotransmitter employed for 
presynaptic facilitation studied so far is 5-hydro xytryptamine 
(5-HT, or serotonin).
 Although the mechanism of transmission for pre synaptic 
inhibition or facilitation is broadly similar to that described 

Fig. 12.4.7: Presynaptic inhibition. The presynaptic inhibitory neuron reduces the amount of neurotransmitter released by the presynaptic 
neuron, thereby reducing the magnitude of the excitatory postsynaptic potential (EPSP). The insert shows the control EPSP recorded when 
the presynaptic inhibitory neuron is not active (C), and the EPSP when the presynaptic inhibitory neuron is active (I).

Fig. 12.4.8: Synaptic fatigue. Repeated stimulation of the presynaptic neuron at a high frequency leads to a gradual diminution in the 
magnitude of the excitatory postsynaptic potential (EPSP). I, initial EPSP; F, EPSP after considerable fatigue. The fatigue sets in very 
gradually. Therefore a neat record like the one shown here would be diffi cult to obtain in practice unless one records only a few selected 
responses (e.g. every 50th, or every 100th response).

for synaptic transmission in general, the time course is typi-
cally slow. Presynaptic effects take several milliseconds to 
develop, and may last for minutes or even hours. Thus presyn-
aptic events can result in a fairly prolonged modulation of syn-
aptic activity, and thereby contribute to plasticity of synaptic 
transmission.

2. Fatigue
Repeated stimulation of a synapse leads to gradual diminution 
and fi nally disappearance of the postsynaptic response. This 
is called synaptic fatigue (Fig. 12.4.8). It is thought to be due 
to exhaustion of the neurotransmitter since synthesis cannot 
keep pace with release during prolonged repetitive stimulation. 
Since the diminished response is the result of a previous expe-
rience (repeated stimulation), fatigue also contributes to plas-
ticity of synaptic transmission.
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Electrical Synaptic Transmission

In the 1930s there was a prolonged lively debate about 
whether synaptic transmission was chemical or electrical. 
Pharmacologists, led by Henry Dale, argued for chemical 
transmission while physiologists, led by John Eccles, were 
equally vociferous in their support for electrical transmis-
sion. Today we know that transmission in an overwhelm-
ing majority of synapses in the vertebrate nervous system 
is chemical, i.e. through the agency of a neurotransmitter. 
However, electrical transmission is also seen between adja-
cent neurons serving similar function, thereby achieving 
rapid spread to all concerned neurons. Electrical transmis-
sion is seen even in ‘recently’ evolved parts of the brain such 
as mammalian hippocampus and cerebral cortex.
 In an electrical synapse, the synaptic cleft is narrow, being 
only 2 nm wide. Electron microscopy reveals structural con-
tinuity between the presynaptic and postsynaptic neurons 
in the form of interconnecting channels. The transmission 
is by electrotonic spread, and is hence instantaneous, and 
potentially bidirectional. Electrotonic spread needs adequate 
surface area; accordingly, the presynaptic knob is large, and 
rests on a very large area of the postsynaptic membrane. 
Hence there is not enough room for too many synapses on 
the same neuron.
 The advantages of chemical transmission are that it allows 
for a large number of synapses per neuron, and a large 
variety of neurotransmitters. These features result in far 
more complex processing of information than is possible in 
electrical transmission. While electrical transmission gives 
rapid, effi cient and economical relay of information, chemi-
cal transmission provides infi nite possibilities for process-
ing information. Hence learning and memory could not have 
developed without the evolution of chemical transmission.

Fig. 12.4.9: Post-tetanic potentiation. Stimulation of the presynaptic neuron at 1 per second gives a certain excitatory postsynaptic potential 
(EPSP). Tetanic stimulation at 5 per second for a few seconds leads to an increase in the magnitude of the EPSP (facilitation). Returning 
the rate of stimulation to 1 per second leads to a further transient increase in the magnitude of the EPSP (post-tetanic potentiation). A, B, 
C, D: periods of varying rates of stimulation and the corresponding EPSPs.

3. Post-Tetanic Potentiation
If rapidly repeated stimulation (tetanic stimulation) is followed 
by a brief pause, the response to subsequent stimulation is fre-
quently enhanced. This is called post-tetanic potentiation or 
post-tetanic facilitation (Fig. 12.4.9). It is thought to be due 
to accumulation of calcium ions in the presynaptic terminal 
during the tetanic stimulation. Each stimulus is accompanied 
by calcium infl ux. If the stimulation is repeated rapidly, mech-
anisms for pumping out calcium in the post-stimulus phase 
cannot keep pace with calcium infl ux. Hence tetanic stimula-
tion leads to accumulation of calcium in the presynaptic ter-
minal. The brief pause gives time for the neurotransmitter 
depleted by repetitive stimulation to be replenished. That is 
why post-tetanic stimulation has the advantage of high calcium 
levels without the handicap of neurotransmitter exhaustion. 
Higher calcium levels lead to an increase in the amount of neu-
rotransmitter released. Hence the response is potentiated.
 Since post-tetanic potentiation is also an alteration of syn-
aptic response in light of a previous experience (tetanic stimu-
lation), it may contribute to synaptic plasticity.

PROPERTIES OF SYNAPTIC TRANSMISSION
There are many neurophysiological observations which can 
be explained on the basis of some fundamental properties of 
synaptic transmission. Some of these properties have been dis-
cussed below.

Synaptic Delay
All the events involved in synaptic transmission need 
some time. One way to calculate the total time required 
is to find the interval between the stimulus and response 
for a monosynaptic reflex. The interval represents the 
sum of the time taken for impulse conduction and the 
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synaptic delay. The only monosynaptic refl ex known is the 
stretch refl ex. For the stretch refl ex, both the afferent fi bre
(Type Ia) and efferent fi bre (Type A) are fast conducting (veloc-
ity about 100 m/s). Hence the time required for impulse con-
duction can be easily calculated. Subtracting the conduction 
time from the interval between stimulus and response gives the 
synaptic delay. Another method for determining synaptic delay 
has been shown in Figure 12.4.10. The synaptic delay is usu-
ally between 0.5 and 1 msec. This information can be used for 
estimating the number of synapses involved in a polysynaptic 
refl ex.

Spatial Summation
If a number of fi bres converging on a single neuron are stimu-
lated individually with weak (subthreshold) stimuli the postsy-
naptic neuron does not fi re. But if all the fi bres are stimulated 
simultaneously with stimuli of the same strength, the postsy-
naptic neuron may fi re. This happens because the summated 
effect of individual EPSPs may cross the threshold for exci-
tation. Since the phenomenon involves summation of EPSPs 
developing at different points in the space on the postsynaptic 
membrane, this type of summation is called spatial summation 
(Fig. 12.4.11).

Temporal Summation
If a subthreshold stimulus is repeated several times in quick 
succession, the postsynaptic neuron may fire. Since the 

Fig. 12.4.10: Synaptic delay. Above. The grey matter of the spinal cord is stimulated with a weak stimulus (S1) so that only the interneurons 
are stimulated. The response is recorded from the motor neurons. The response R1 is recorded after a delay which includes the time taken 
for conduction along the axon of the interneuron, synaptic transmission across the synapse S, and conduction along the axon of the motor 
neurons till the recoding electrodes are reached. Below. The stimulus strength is increased such that the effect of the stimulus (S2) spreads 
to a much wider area of the spinal cord. As a result, the motor neuron also is directly stimulated by electrical stimulus. Hence there are two 
responses: R2 due to direct stimulation of the motor neuron, and R1 due to stimulation of the motor neuron via the interneuron as in the 
previous experiment. The time interval (t) between R2 and R1 is the time taken for synaptic transmission across the synapse S. the stippled 
area represents the zone in which the stimulus is effective in stimulating the neurons.

Fig. 12.4.11: Spatial summation. A hypothetical neuron, which is under 
the infl uence of three simultaneously active excitatory infl uences, 1-3. 
The excitatory postsynaptic potential (EPSP) corresponding to each 
infl uence has been shown on the right. The summated EPSP at the 
axon hillock (4) has also been shown. Since the summated EPSP has 
crossed the threshold for excitation (dotted line), an action potential 
is fi red and conducted along the axon (5).

individual stimuli which summate are given at different points 
in time, this type of summation is called temporal summation 
(Fig. 12.4.12). The phenomenon is seen because the EPSP in 
response to each individual stimulus shows decrement with 
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Fig. 12.4.12: Temporal summation. A presynaptic neuron (A) delivers 
four suitably spaced stimuli (1-4) to the postsynaptic membrane (B). 
The excitatory postsynaptic potentials (EPSP) corresponding to each 
stimulus get summated, as shown on the right. Since the summated 
EPSP has crossed the threshold for excitation (dotted line), an action 
potential is fi red and conducted along the axon (C).

time. If the next stimulus is given before the previous EPSP 
has faded completely, the new EPSP adds to the remainder of 
the previous one. In this way each successive EPSP takes the 
membrane potential nearer the threshold till fi nally the thresh-
old is crossed and the postsynaptic neuron fi res.

Facilitation
When a synapse is activated in the central nervous system, 
the sensitivity of some neighbouring synapses also changes. 
This happens because of multiple synaptic relationships into 
which each neuron enters (Fig. 12.4.13). In case of excita-
tory synapses, activation of a synapse lowers the threshold of 
excitation of the neighbouring synapses. These synapses, the 
threshold of which is lowered, are said to be in the subliminal 
fringe. Because of this phenomenon, the effect of stimulating 
two nerve fi bres may turn out to be greater than the sum of 
stimu lating either of them separately. This is called facilitation. 
Facilitation is seen because combined stimulation leads to exci-
tation of synapses in the subliminal fringe also (Fig. 12.4.13).

Occlusion
In a neuronal circuit similar to that in which facilitation is seen, 
employing stronger stimuli may lead to a very different obser-
vation. With stronger stimuli, the effect of stimulating two 
nerve fi bres may turn out to be less than the sum of stimulating 
either of them separately. This is called occlusion. Occlusion is 
seen because the subliminal fringes of the two fi bres have some 
synapses in common (Fig. 12.4.14).

NEUROTRANSMITTERS AND 
NEUROMODULATORS

Recently a large number of substances have been identifi ed 
in quick succession which seem to have a neurotransmitter or 
related function in the central nervous system. Some of these 

Fig. 12.4.13: Facilitation. Stimulation of neuron A excites neuron 1, 
while stimulation of neuron B excites neuron 3. But simultaneous 
stimulation of neurons A and B excites neurons 1, 2 and 3. That is 
because neuron 2 lies in the subliminal fringe of both neuron A and 
neuron B.

Fig. 12.4.14: Occlusion. Strong stimulation of neuron A excites 
neurons 1 and 2, while strong stimulation of neuron B excites neurons 
2 and 3. Simultaneous stimulation of both neurons A and B excites 
neurons 1, 2 and 3.

substances have a long duration of action, sometimes extend-
ing to days. Under their infl uence, the sensitivity of the post-
synaptic neurons may be increased or decreased. Since these 
slow acting substances modulated neural activity rather than 
transmit a message, they are called neuromodulators. However, 
mere presence of a substance in the nervous system is not a 
proof of its being a neurotransmitter or neuromodulator. Before 
a substance is labelled a neurotransmitter, it should satisfy four 
basic criteria, which are as follows:
1. It should be synthesized in the neuron concerned.
2. Stimulation of the neuron should result in release of the sub-

stance at its axon terminals in amounts suffi cient to affect 
the potential of the postsynaptic membrane.

3. Exogenous application of the substance should mimic the 
effects of stimulation of the neuron.

4. A mechanism for removing the substance (by degradation 
or reuptake, or both) should exist at the synapse concerned.

 If, in addition to the above criteria, a specifi c antagonist is 
able to block the effects of stimulation as well as exogenously 
applied substance, it further supports the status of the substance 
as a neurotransmitter.
 Although all the criteria outlined above have been satis-
fi ed only by acetylcholine, a very large number of substances 
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have been accepted tentatively as neuro transmitters. Such sub-
stances are called putative (i.e. likely) neurotransmitters. This 
qualifi ed acceptance has nevertheless resulted in enormous 
progress in basic neurosciences as well as their application to 
neurological and psychiatric diseases. All the neurotransmitters 
identifi ed so far are simple molecules, available from the diet, 
or readily synthesized from dietary constituents. They may be 
classifi ed into small molecule transmitters and large molecule 
neuroactive peptides. The classifi cation, apart from being based 
on molecular size, also has functional signifi cance because the 
small molecule transmitters have a rapid action while neuroac-
tive peptides have a slower action.

Small Molecule Neurotransmitters
Except for acetylcholine, all other small molecule neurotrans-
mitters are either amino acids or amino acid derivatives. All of 
them, including acetylcholine are involved in rapid synaptic 
transmission.
 Acetylcholine (ACh) is synthesized from acetyl coenzyme 
A and choline. Acetyl coenzyme A is a common intermediate 
of many metabolic pathways. Choline is obtained from diet; it 
cannot be synthesized in the body. The major sources of choline 
in the diet are vegetables and egg yolk. ACh is employed as a 
neurotransmitter at the neuromuscular junction, at the postgan-
glionic parasympathetic nerve endings, and all preganglionic 
nerve endings of the autonomic nervous system.
 In the central nervous system, ACh is employed as a neu-
rotransmitter by Betz cells of the motor cortex and neurons of 
nucleus basalis which project widely to the hippocampus and 
cerebral cortex. In a form of dementia, known as Alzheimer’s 
disease, there is a reduction in the number of cholinergic neu-
rons of the nucleus basalis. Alzheimer’s disease may therefore 
be considered a cholinergic defi ciency syndrome.
 Norepinephrine (NE) can be synthesized from phenyla-
lanine or tyrosine. NE is employed as a neurotransmitter at 
most of the postganglionic sympathetic nerve endings. In the 
central nervous system, norepinephrine is found in neurons of 
locus ceruleus which project extensively to the cerebral cortex, 
cerebellum and spinal cord.
 Dopamine is an intermediate in the biosynthesis of NE, 
but can itself also serve as a neurotransmitter. The best known 
dopaminergic neurons are those of the substantia nigra which 
project to the basal ganglia. Loss of these neurons is associ-
ated with Parkinson’s disease. Thus Parkinson’s disease may 
be considered a dopaminergic defi ciency disease.
 5-hydroxytryptamine (5-HT, serotonin) is derived from 
tryptophan. It is found in the neurons of the midline raphe 
nuclei of brainstem which project to the brain and spinal cord 
and are involved in sleep.
 Gamma-aminobutyric acid (GABA) is synthesized from 
glutamic acid through the activity of glutamic acid decarboxy-
lase (GAD). Hence, the presence of GAD is used as marker 
for GABA containing neurons. GABA is an inhibitory neu-
rotransmitter which acts by increasing chloride conductance. 
It is employed as a neuro transmitter by granule cells of the 

olfactory bulb, amacrine cells of retina, Purkinje cells of cer-
ebellum, and basket cells of cerebellum and hippocampus.
 Glycine is also a fairly well established inhibitory neuro-
transmitter in the spinal cord.
 Besides the above agents, histamine, glutamate and aspar-
tate are also considered putative small molecule neurotransmit-
ters in several areas of the central nervous system.

Large Molecule Neuroactive Peptides
This group now comprises more than 30 small peptides. They 
are described by the non-commital term ‘neuro active peptides’ 
because their status as neurotransmitters is not as well estab-
lished as that of the small molecules discussed earlier. It is more 
likely that neuroactive peptides act as neuromodulators rather 
than neuro transmitters, the main difference being the duration 
of action. While the action of small neurotransmitter molecules 
lasts less than a millisecond to a second, the action of neuroac-
tive peptides may last several minutes to days. In other words, 
the classical distinction between neural action being instanta-
neous and short lasting, and endocrine action being slow and 
long lasting, is not really valid. Moreover, many of the neu-
roactive peptides employed by the neurons are the same as hor-
mones produced elsewhere in the body by endocrine cells.
 Neurons synthesize neuroactive peptides in the cell body 
in the form of large protein molecules known as polyproteins. 
Each polyprotein molecule may have several repetitions of the 
amino acid sequence in a neuroactive peptide. Therefore, on 
cleavage, one polyprotein molecule gives several molecules 
of the neuroactive peptide. In some cases, cleavage of the 

Dale’s Principle Revisited

On the basis of early work on cholinergic and adrenergic 
transmission, Sir Henry Dale had enunciated the principle 
that a mature neuron secretes the same neurotransmitter 
at all its axon terminals. In other words, the same neuron 
could not be cholinergic at some synapses and adrenergic at 
others. But as mentioned above, the same neuron may break 
a polyprotein into more than one type of neuroactive pep-
tides. Further the same neuron sometimes synthesizes and 
releases one small molecule rapid action neuro transmitter 
and one slow acting neuroactive peptide. Accordingly, now 
Dale’s principle has been modifi ed. It is now believed that a 
mature neuron releases the same set of neurotransmitters 
and neuroactive substances at all its terminals.
 Another point to keep in mind is that Dale’s principle 
refers only to the neurotransmitters released by a neuron; it 
does not refer to their actions on the postsynaptic neuron. 
Owing to the presence of more than one type of receptors 
for a neurotransmitter, the same neurotransmitter may have 
excitatory effect on one postsynaptic neuron and inhibitory 
effect on another.
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polyprotein gives molecules of more than one type of neu-
roactive peptides. The mode of action of neuroactive peptides 
is also similar to that of hormones. They often act through a 
second messenger such as cyclic AMP and ultimately infl uence 
the protein synthetic machinery of the neuron. The altered pro-
tein synthesis may affect the number of neurotransmitter recep-
tors on the postsynaptic membrane, the functioning of the ionic 
channels in the postsynaptic membrane, and in the long run, 
even the number of synapses.
 Imagine a neuron with thousands of axon terminals imping-
ing on it. Their overall infl uence on the neuron may be inhibi-
tory or excitatory. Further, some of these infl uences, mediated 
by neuromodulators, can last quite long. If the overall infl uence 
is inhibitory, the neuron’s summated membrane potential at the 
initial segment is even more polarized than the resting mem-
brane potential. If the overall infl uence is excitatory, the mem-
brane potential moves towards hypopolarization. A hypopolar-
ized cell which is not fi ring can, however, be excited and made 
to fi re more easily than a normally polarized resting cell. The 
degree of ease with which a group of neurons can be excited is 
spoken of as the central excitatory state.
 The substances currently considered neuroactive peptides 
have been listed in Table 12.4.1. We shall have occasion to 
refer to some of them again in some detail where the func-
tion with which they are connected is being discussed. The 
list is ever-expanding. In addition to these substances, another 
class of substances, ATP and related nucleotides, also act as 
neurotransmitters at least at gastrointestinal autonomic nerve 
endings. Further, several substances not secreted by neurons 
also modulate neuronal activity, e.g. the sex hormones. Thus 
neural activity is far more intimately connected with the rest 
of the body through mutual interactions than has been hitherto 
imagined.

Table 12.4.1: Neuroactive peptides
Class Peptides

Hypothalamic hormones Thyrotropin releasing hormone
 (TRH)
 Gonadotropin releasing hormone
 (GnRH)
 Corticotropin releasing hormone
 (CRH)
 Growth hormone releasing
 hormone (GHRH)
 Somatostatin
Neurohypophyseal hormones Vasopressin (ADH)
 Oxytocin
Pituitary peptides Adrenocorticotropin (ACTH)
 Beta-endorphin
 Melanocyte stimulating hormone
 (MSH)
 Prolactin
 Luteinizing hormone (LH)
 Growth hormone (GH)
 Thyrotropin (TSH)
Gastrointestinal peptides Vasoactive intestinal peptide (VIP)
 Cholecystokinin (CCK)
 Gastrin
 Substance P
 Neurotensin
 Enkephalins
 Insulin
 Glucagon
 Secretin
 Somatostatin
 TRH
 Motilin
Others Angiotensin II
 Bradykinin
 Calcitonin

Source: Kandel and Schwartz (1985)
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12.5
Detecting Change: 

The First Step 
Towards Perception

Our image of the world is based on a combination of informa-
tion supplied by our eyes, ears, nose, tongue and skin. These 
organs are equipped with highly differen tiated structures which 
are specially sensitive to specifi c changes in the environment. 
These structures, called receptors, convey information about 
the changes that they detect to the brain. The brain translates 
this information into awareness or perception. In addition to 
sensory receptors which help us form an image of the external 
world (exteroceptors), there are receptors such as barorecep-
tors and chemoreceptors which sense changes within the body 
(interoceptors), and receptors in muscles, tendons and joints 
which detect changes in the position of the body (propriocep-
tors). In this chapter and the next few, we shall talk only about 
skin receptors responsible for detection of stimuli which ulti-
mately result in perception of touch, pressure, pain and tem-
perature. But the basic mechanisms employed by all sensory 
receptors are very similar.
 The skin has a wide variety of sensory end organs: 
Meissner’s corpuscles, Pacinian corpuscles, Merkel’s disks, 
Ruffi ni’s nerve endings, and free nerve endings. It is now 
believed that all the specialized end organs detect different 
forms of touch and pressure, while free nerve endings detect 
pain and temperature. Specialized end organs as well as free 
nerve endings continue as afferent nerve fi bres. The cell bodies 
of these fi bres are located in the dorsal root ganglia. The affer-
ent fi bres enter the spinal cord where they follow specifi c 
pathways.
 Detection of a stimulus by a sensory receptor involves 
expressing the stimulus characteristics in a language which the 
nervous system understands. The mechanisms involved in the 
translation have been discussed below.

TRANSDUCTION
Transduction means conversion of one form of energy into 
another. In the present context, it refers to conversion of the 
stimulus energy (mechanical, thermal, etc.) into electrical 
energy, because the language of the nervous system consists 

of electrical impulses. The receptor in which the process of 
transduction has been best studied is the Pacinian corpuscle. 
Pacinian corpuscles are large, oval structures in the subcuta-
neous tissue and mesentery, and consist of several layers of 
connective tissue, resembling the layers of an onion peel. Each 
corpuscle encloses the bare unmyelinated end of a myelinated 
nerve fi bre. Myelination of the fi bre begins within the corpuscle 
itself. The fi rst node lies within the corpuscle, and the second 
node is outside but very close to the corpuscle (Fig. 12.5.1). 
The structure of a Pacinian corpuscle is ideally suited for trans-
mitting pressure to the bare nerve ending.

Receptor Potential
It has been observed that application of pressure to a Pacinian 
corpuscle leads to depolarization of the bare nerve ending 
within. The depolarization is called receptor potential. The 
characteristics of the receptor potential throw important light 
on the coding of stimulus characteristics by sensory receptors. 
Receptor potential is a graded depolarization, its magnitude 
varying with the stimulus. It spreads passively by an electro-
tonic mechanism and suffers decrement with time and along 
distance.1

 The genesis of receptor potential is not clear but it is 
believed that the stimulus brings about a change in the confor-
mation of the nerve membrane such that the sodium channels 

Fig. 12.5.1: Diagrammatic structure of the Pacinian corpuscle.

1 If you are not clear about the terms used in this paragraph, refer to Chapter 11.4 for the end plate potential.
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become more permeable. Infl ux of sodium ions brings about 
the depolarization which is called receptor potential.
 Receptor potential is a graded change. If the magnitude of 
the change exceeds the threshold for genesis of action poten-
tial, an action potential is generated in the nerve fi bre. Since the 
receptor potential may generate the action potential, the recep-
tor potential is called the generator potential.

ACTION POTENTIAL
The action potential is a brief, all-or-none depolarization, prop-
agated along the sensory nerve fi bre without decrement. Larger 
the amplitude of the receptor potential, higher the frequency of 
action potentials. The reason for this phenomenon is similar to 
that for the relationship between the amplitude of EPSP and the 
frequency of action potentials in the postsynaptic neuron.

CODING OF INTENSITY OF STIMULUS
Information about the intensity of a stimulus is conveyed to the 
central nervous system by two mechanisms:
1. At the level of an individual receptor, the intensity of a stim-

ulus is coded by the amplitude of the receptor potential, and 
then by the frequency of the action potentials in the sensory 
nerve fi bre.

2. As the intensity of a stimulus increases, the number of 
receptors stimulated also increases. Hence the number of 
sensory nerve fi bres transmitting information simultane-
ously to the central nervous system also conveys the inten-
sity of the stimulus. This is called sensory recruitment.

 The two mechanisms together would also help distin-
guish between a strong stimulus affecting a small area of the 
skin, and a weak stimulus spread over a large area of the skin 
(Fig. 12.5.2).

ADAPTATION
The receptor response to a prolonged stimulus is generally not 
steady; the response tends to decline after a short while. The 
receptor seems to have adapted to (i.e. got used to) the stimu-
lus. Hence the phenomenon is called adaptation. The degree 
and rate of adaptation varies with the receptor (Fig. 12.5.3). 
It is because of adaptation of touch receptors that we are not 
aware of our clothes. Before you read any further, try and think 
whether touch receptors are the slowly adapting or rapidly 
adapting type (see Table 12.5.1) Rapidly adapting receptors are 
most suitable for detecting tonic stimuli, the onset and termina-
tion of a stimulus, and change in intensity of a stimulus. Not 
only does rapid adaptation help appreciation of these features 
of a stimulus, it also saves us the discomfort and botheration 
of being aware of a steady or monotonous stimulus throughout 
its duration. For example, we are not aware of, and need not be 
aware of clothes touching our body. On the other hand, slowly 
adapting receptors are most suitable when continuous informa-
tion about a steady stimulus is important. For example, the cen-
tral nervous system should have continuous information about 
position of the body in order to maintain the posture.

Fig. 12.5.2: Coding of stimulus intensity: distinguishing a strong 
stimulus acting on a small area of the skin (A) from a weak stimulus 
acting on a large area of the skin (B). The frequency of nerve impulses 
in afferent nerve fi bres is higher in A but the number of receptors 
stimulated is greater in B.

Table 12.5.1: Adaptation characteristics of
different receptors

Receptor Degree of adaptation

Muslce spindle Adaptation virtually absent
Pressure Fairly rapid adaptation
Touch Extremely rapid adaptation

 The mechanism of adaptation seems to be two-fold. Part of 
the adaptation is at the receptor level. In case of the Pacinian 
corpuscle, adaptation of the receptor itself is easy to visualize. 
Constant pressure is soon likely to result in redistribution of 
forces within the layers of the corpuscle such that the pressure 
on the nerve ending is relieved. The other part of the adaptation 
is in the central nervous system, in the mechanisms involved in 
conscious perception of the stimulus. The degree of contribu-
tion of the receptor and the central nervous system to adapta-
tion varies with the nature of the receptor.
 Many of the important principles of receptor physiology 
outlined in this chapter may be illustrated through a series of 
experiments on the Pacinian corpuscle. After a Pacinian corpus-
cle has been dissected, an arrangement can be made for apply-
ing to it graded pressure for a known duration (Fig. 12.5.4). 
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Fig.12.5.3: Adaptation of sensory receptors. The diagram shows 
the frequency of impulses in afferent nerve fi bres in response to 
a sustained stimulus. The frequency rises promptly at the onset of 
the stimulus in all receptors. But the frequency is sustained only in 
very slowly adapting receptors such as the muscle spindle. Touch 
receptors adapt extremely rapidly to a sustained stimulus.

Fig.12.5.4: Experiments on a Pacinian corpuscle. A. Intact Pacinian corpuscle. The single asterisk shows the site of a recording of the 
receptor potential, and the double asterisk shows the site of recording of the action potential. Stimuli 1, 2 and 3 are graded stimuli arranged 
in an ascending order of intensity. B. Connective tissue lamellae removed. C. Pressure applied to block conduction in afferent nerve fi bre. 
D. Nerve fi bre cut and allowed to degenerate. Details in the text.

Two sets of recording electrodes are also fi xed: one for record-
ing the receptor potential, and the other for recording action 
potentials. Application of graded stimuli leads to graded recep-
tor potentials, and action potentials with graded frequencies. 
A prolonged stimulus shows that the response adapts rapidly. 
Then the layers of the corpuscle are dissected, and most of the 
layers are removed. All features of the response remain intact 
except that it does not adapt much any more. Thus rapid adap-
tation of the response is due to the cushioning effect of mul-
tiple layers of the corpuscle. Then if conduction through the 
nerve fi bre is blocked proximal to the recording electrode by 
application of pressure, the receptor potential stays intact but 
the action potential cannot be recorded. This shows that recep-
tor potential is an independent response which depends on the 
integrity of the bare nerve ending enclosed in the receptor. 
Finally, if the nerve fi bre is cut, and enough time is allowed for 
complete degeneration, neither the receptor potential nor the 
action potential response can be picked up.
 Although maximum experimental work has been done with 
the Pacinian corpuscle, experiments with other receptors have 
shown that the principles of receptor physiology derived from 
observations on Pacinian corpuscles are generally applicable 
to all receptors. In the next few chapters we shall see how the 
signal generated by the receptors is conducted and processed in 
the central nervous system.
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ANSWER

 End plate Postsynaptic Receptor Action
 potential potential potential potential
 (EPP) (PSP) (RP) (AP)

Site Specialized region on muscle Postsynaptic Receptor Axons (nerve fi bres)
 cell membrane called end plate membrane nerve ending
Genesis Opening of chemically gated Opening of chemically Opening of ionic channels Suprathreshold depolari-  
 channels by neurotransmitter gated channels by neuro- by the adequate stimulus zation by EPP, PSP, RP, or
 (acetylcholine in case of skeletal transmitter (e.g. touch or temperature) AP in adjacent segment of
 muscle)   the axon
Amplitude Small, graded Small, graded Small, graded Large, all or none
Determinants Amount of neurotransmitter Amount of Stimulus intensity Amplitude fi xed for a
of amplitude  neurotransmitter  given set of conditions.   
   Can change if the conditions      
change
Duration Variable, relatively long Variable, relatively long Variable, relatively long All or none, short
Nature of  Hypopolarization Hypopolarization (EPSP), Hypopolarization  Hypopolarization
signal  or hyperpolarization (IPSP) (exception; visual
   receptors, where it is
   hyperpolarization)
Spread Non-propagated, spreads with Non-propagated, spreads Non-propagated, spreads Propagated without
 decrement with time and along  with decrement with time with decrement with  decrement
 distance by an electrotonic and along distance by an time and along distance
 mechanism electrotonic mechanism by an electrotonic
   mechanism
Nature of  An essentially physical An essentially physical An essentially physical A uniquely biological
phenomenon phenomenon dependent phenomenon depen- phenomenon dependent phenomenon
 on cable properties of cell dent on cable properties on cable properties of
 membrane of cell membrane cell membrane

QUESTION

1. Compare and contrast receptor potential with end plate potential, postsynaptic potential and action potential
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12.6
From Detection
to Perception

A wide range of stimuli, such as mechanical, thermal and 
chemical, are detected by specifi c receptors. The receptors 
transduct stimuli into electrical signals which refl ect the inten-
sity of stimuli (Chapter 12.5). Now we shall see how these sig-
nals are conveyed to the central nervous system. Many of the 
facts in this chapter are anatomical; hence, for details a text-
book of neuroanatomy may be consulted.

FROM PERIPHERY TO CENTRE
The nerve fi bre innervating a receptor belongs to a neuron, 
the cell body of which lies in a dorsal root ganglion (DRG). 
The nerve fi bre is generally called an axon, although it may be 
argued why it should not be called a dendrite since it is carry-
ing information towards the cell body. The nomenclature apart, 
the nerve fi bre carries information about a stimulus in the form 
of a train of impulses, the frequency of action potentials being 
related to the intensity of the stimulus. The impulses are con-
ducted, without interruption or modifi cation, to the other proc-
ess of the DRG cell, also called an axon. The central axon of 
the DRG cell enters the spinal cord in the dorsal root of a spinal 
nerve. Thus the DRG cell conveys the signal generated by the 
stimulus from the periphery to the central nervous system.
 Sensory stimuli affecting the head and neck region are 
conveyed by cranial nerves in an exactly similar fashion to the 
brainstem instead of the spinal cord.

FROM SPINAL CORD TO CEREBRAL CORTEX
The central axon of the DRG cell terminates in the dorsal horn 
of the spinal cord. The dorsal horn has been divided into fi ve 
layers or laminae, numbered I to V. The lamina in which a 
DRG cell axon terminates bears a relationship to the sensory 
modality it conveys. The neurotransmitter released by the DRG 
axon termination in the spinal cord is possibly glutamate in 
association with some peptide.
 The central axons of DRG neurons give branches which 
are distributed along three routes (Fig. 12.6.1). First, a few 
branches synapse with motor neurons in the anterior column 
of the spinal cord, directly or through inter neurons, to com-
plete the refl ex arcs for spinal refl exes. Second, they ascend up 
towards the brainstem in specifi c tracts, resulting in conscious 

Fig. 12.6.1: The three types of destinations of sensory nerve 
fi bres. 1. spinal refl ex arc; 2, specifi c pathway leading to conscious 
perception of the stimulus; and 3, nonspecifi c pathway leading to 
general arousal. DRG, dorsal root ganglion.

perception. Third, they relay in reticular formation and nonspe-
cifi c thalamic nuclei, resulting in general arousal.
 We shall fi rst concentrate on the specifi c pathways which 
are responsible for conscious perception. Depend ing on the 
modality, the specific ascending fibres travel in the dorsal 
column or the anterolateral column of the spinal cord.

Dorsal Column System
The dorsal column system conveys the modalities of fi ne touch, 
and position (proprioception). These modalities are relatively 
better developed and are perceived with greater precision with 
respect to their localization and discrimination. Since the sacral 
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fi bres enter the spinal cord fi rst, and fi bres in higher segments 
join later, the cervical spinal cord has much more white matter 
than the sacral cord. Further, in the cervical spinal cord, the 
sensory information from the lower limbs is represented medi-
ally as compared to that from upper limbs. The somatotopic 
organization achieved in the spinal cord is maintained through-
out the pathway.
 Dorsal column fi bres relay in the dorsal column nuclei 
(gracile nucleus and cuneate nucleus) in the medulla. The 
output neurons of dorsal column nuclei form internal arcu-
ate fi bres, cross over to the opposite side, and continue as the 
medial lemniscus towards the thalamus. In the thalamus, dorsal 
column fi bres relay in the ventral posterior nucleus. The tha-
lamic neurons project to the sensory cortex (Fig. 12.6.2).

Anterolateral System
The anterolateral system conducts the relatively primitive 
senses of crude touch, pain and temperature. The DRG cell 
axons, after relaying in the dorsal horn, cross over to the oppo-
site side where they ascend in the anterolateral quadrant of 
the spinal cord. The major tracts of the anterolateral quadrant 
are the lateral (conveying pain and temperature) and ventral 
(conveying crude touch) spinothalamic tracts. Besides these, 
the spinoreticular and spinotectal tracts also form a part of the 
anterolateral system.

 Because of early crossing over, in spinothalamic tracts, 
sacral fi bres are pushed laterally by fi bres which join later.
 In the thalamus, the anterolateral fi bres relay in the ventral 
posterior nucleus as well as nonspecifi c nuclei. Neurons of the 
ventral posterior nucleus project to the sensory cortex while 
neurons of nonspecifi c nuclei project to the cerebral cortex in a 
diffuse manner (Fig. 12.6.3).

THALAMUS
Sensory fi bres of the dorsal column system as well as the ante-
rolateral system relay in the thalamus. As we shall see later, 
afferent fi bres from all special senses also relay in the thala-
mus. Thus, all sensory information reaches the thalamus where 
it can be integrated. But thalamus also has non-sensory func-
tions, which can be best understood in light of its anatomical 
connections.1

 Thalamus is a collection of neurons which are organ-
ized into a large number of well-defined nuclear masses. 
The nuclei of the thalamus have somewhat confusing names 
(Table 12.6.1). But from a functional point of view they are 
divisible into four groups.

Specifi c Sensory Nuclei
These nuclei receive all sensory afferents. The arrange ment of 
fi bres in the sensory nuclei is neatly topographic and so is their 
projection to the somatosensory cortex. Corresponding to the 
thalamocortical projection fi bres, there are also corticothalamic 
fi bres which provide feedback information to the relay nuclei.
 Let us now see how the sensory relay nuclei work. A spe-
cifi c sensory stimulus activates neurons in the sensory relay 
nucleus. The thalamic nuclei activate some thalamic interneu-
rons as well as an area in the sensory cortex. The area activated 
in the sensory cortex also sends impulses back to the thalamic 
relay nucleus, thereby modulating the thalamic output. In short, 

Fig. 12.6.2: The dorsal column system for transmitting sensory 
signals. The dotted line represents the midline.

Fig. 12.6.3: The antero lateral system for trans mitting sensory signals. 
The dotted line repre sents the midline.

1 Although the structure and functions of thalamus have been summarized here, a fuller understanding will probably be achieved after studying the chap-
ters on motor control and sleep and wakefulness
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the sensory relay nuclei really do not act as simple relays. They 
process the sensory signal by local intrathalamic circuits and 
descending corticothalamic fi bres before sending it to the sen-
sory cortex.
 One more point is worth noting. When we talk of the 
‘major’ input to specifi c sensory relay nuclei being the medial 
lemniscus, we are only talking about the connections easily 
demonstrable by electrophysiological techniques. Since anaes-
thetics depress synaptic trans mission, eletrophysiological tech-
niques demonstrate only those pathways which function in 
spite of anaesthesia. For example, the medial lemniscal fi bres 
account for only 8% of the input to the thalamic relay neu-
rons. The remaining input is from poorly understood pathways 
which might be making an important functional contribution in 
the conscious organism.

Association Nuclei
These nuclei help achieve integration of different types of sen-
sory information.

Nonspecifi c Nuclei
These nuclei also receive sensory information but project to the 
cortex in a diffuse manner. Therefore they seem to be involved 
in the arousal induced by sensory stimuli. Nonspecifi c nuclei 
also project to the limbic system, thereby suggesting their 
involvement in the emotional impact of sensory stimuli.

Motor Nuceli
Motor nuclei relay and process messages from the basal gan-
glia and cerebellum to the motor and premotor cortex.
 It is thus apparent that thalamus plays an important role in 
all major divisions of the nervous system, viz, sensory, motor 
and motivational. It might be further noticed that all nuclear 
groups have to and fro con nec tions with the cerebral cortex. 
Thus the thalamus and cortex function as one functional entity, 
the thalamo cortical system. Possibly the thalamus prepares a 
crude blue pint of the fi nal product achieved by the cortex. The 
global involvement of the thalamus in central nervous function 
is revealed when thalamic function is impaired, as in the tha-
lamic syndrome.

Thalamic Syndrome
Thrombosis of the posterolateral branch of the posterior cer-
ebral artery may sometimes produce ischaemic damage of 
posteroventral thalamus. The lesion manifests as impairment 
of discrimination in sensory perception, hypotonia, muscular 
weakness and incoordination, and volatile emotions, pleasant 
or unpleasant. After a few weeks to months, partial recovery 
may occur. But the sensations, regardless of the nature of the 
stimulus, may be very painful. The symptoms are thought 
to arise partly because the medial nuclei of the thalamus are 
spared by the lesion. The medial nuclei are the nonspecifi c 
nuclei which receive major projections from pain fi bres. Hence 
the dominance of pain among the sensations. The symptom 
complex is called thalamic syndrome.

DESCENDING FIBRES OF THE SENSORY SYSTEM
As discussed above, not only do the thalamic sensory nuclei 
project to the sensory cortex, the sensory cortex also sends 
descending fibres to the thalamic nuclei. Such descending 
fi bres, following a course closely parallel to that of the ascend-
ing fi bres, exist at all levels with the result that every region 
of the nervous system has some control on the information 
that goes to it. The ultimate impact of the descending fi bres 
of the sensory system is that the sensory signal is modulated 
in the dorsal horn of the spinal cord. Hence the way a stimu-
lus is perceived depends not only on the nature of the stimulus 
itself but also on the nature of the descending infl uences. Since 
the descending fi bre activity may be affected by accompany-
ing sensory stimuli other than the one under consideration, the 
perception of a stimulus is affected by associated stimuli. For 
example, the intensity of a painful stimulus may be reduced by 
touch, specially a loving touch. It is a common experience that 
the sensitivity to a stimulus may be affected by the attention 
paid to it. The effect of attention is also likely to be mediated 
by the descending fi bres.
 Yet another function ascribed to the two-way traffic 
between the thalamus and the cortex is that it indirectly con-
nects many areas of the cortex that are not directly connected. 
For instance, suppose areas A and B of the cortex are not 

Table 12.6.1: Thalamic nuclei

Functional group Nuclei Input Projection sites

Sensory nuclei Ventrobasal complex Medial lemniscus, Spinothalamic Somatic sensory cortex
  tract, Corticothalamic fi bres
 Lateral geniculate body Optic tract Visual cortex
 Medial geniculate body Brachium of inferior colliculus Auditory cortex
  Corticothalamic fi bres
Association nuclei Pulvinar, lateral dorsal nucleus,  Sensory cortex Association cortex
 medial dorsal nucleus, Association cortex
 lateral posterior nucleus Limbic system Limbic system
Nonspecifi c nuclei Midline intralaminar Spinothalamic tract Diffuse projection to cerebral
 and reticular nuclei system Spinoreticular fi bres cortex and limbic system
  Cerebral cortex
Motor nuclei Ventral anterior Globus pallidus Premotor cortex
 Ventral lateral Dentatothalamic fi bres Motor and pre-motor cortex
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directly connected. But if descending fi bres travel from area A 
to the thalamus, and thalamocortical fi bres travel from the tha-
lamus to area B, areas A and B are still interconnected. That is 
why it has been said that thalamus is more than the gateway to 
the cortex. It is also the hub through which cortical areas com-
municate with one another.

THE CEREBRAL CORTEX
The cerebral cortex is organized into six layers (Fig. 12.6.4) 
with fairly distinct functions (Table 12.6.2). The specifi c sen-
sory information is received from the thalamus by layer IV of 
the cerebral cortex. The area of the cerebral cortex to which 
the thalamic fi bres project depends on the nature of the stimu-
lus. General somatic sensations project to the somatic sensory 
cortex which is located predominantly in the postcentral gyrus 
(Brodmann’s areas 3, 1 and 2). These areas constitute the pri-
mary sensory area SI. Area SI has a complete and orderly rep-
resentation of the body, with the feet up and the head down. 
The representation is not only upside down but also grossly 
distorted, with the face and fi ngers taking up a dispropor-
tionately large area (Fig. 12.6.5). The area dedicated to a part 
of the body seems to be related to the precision with which 
stimuli there are perceived. There is also a complete represen-
tation of the body in the superior wall of the Sylvian fi ssure, 
in an area called SII. Visual, auditory, olfactory and gustatory 
stimuli project to specifi c circumscribed areas of the cortex as 
discussed in Section 13. Since sensory information is received 
in layer IV, this layer is particularly thick in SI, SII, and areas 
serving special senses. Having received the signals in layer IV, 
granule cells of layer III convey the information to association 
areas. In the association areas sensory signals from multiple 
points on the body are put together to arrive at a meaningful 
interpretation of the signals.
 The function of sensory cortex has been inferred from sev-
eral types of studies. In animals, stimulation of skin receptors 
leads to change in the activity of single neurons in the sensory 
cortex. The change in single neuronal activity induced by stim-
uli is called evoked unit activity. Stimulation of different points 
on the skin leads to evoked unit activity at different points in 
the sensory cortex. In this way the representation of the whole 
body in the sensory cortex can be mapped out.
 Some idea of the nature and consequences of cortical 
processing of sensory stimuli may be had from the relation-
ship between the features of stimulus and the pattern of change 
of evoked unit activity. On this basis, cortical neurons may be 
simple or complex. In simple cortical neurons the discharge 
pattern is similar to that in the axons of the dorsal root ganglion 
cell. In complex cortical neurons, the pattern is quite different. 
For example a complex neuron may respond to only a moving 
stimulus, with maximal sensitivity to movement in a specifi c 
direction.
 In human beings, stimulation of skin can be coupled with 
measurement of regional blood fl ow in the brain. The regional 
cerebral blood flow can now be measured by noninvasive 
techniques. An area of the brain which is more active shows 
an increase in blood fl ow. It has been found that cutaneous 
stimulation leads to an incresae in the blood fl ow through 

specifi c areas of the sensory cortex. The most interesting stud-
ies, however, were performed by Penfi eld and Rasmussen on 
neurosurgical patients whose cortex had been exposed under 
local anaesthesia. Stimulation of discrete points in the sensory 
cortex led to sensory experiences referred to specifi c parts of 
the body. For example, stimulation of what is now known as 
the ‘foot area’ of SI led to a feeling of tingling or some such 
experience in the foot. In this way the topographic representa-
tion of the entire body in the sensory cortex could be mapped, 
and a homunculus of the type illustrated in Figure 12.6.5 was 
constructed.

Fig. 12.6.4: Diagrammatic representation of microscopic structure 
of the cerebral cortex showing its six layers.

Table 12.6.2: Functional organization of the 
cerebral cortex

 Layer Predominant element Function

 I Nerve fi bres Receives diffuse nonspecifi c
   sensory input

 II Nerve fi bres  Receives diffuse, nonspecifi c
  and sensory input
  Granule cells Sends axons to related areas of
   the cortex

 III Granule cells and Sends axons to related areas of
  Small pyramidal cells the cortex

 IV Nerve fi bres Receives specifi c sensory input

 V Large pyramidal  Sends axons to brainstem
  cells and spinal cord
 VI Fusiform cells  Sends axons to thalamus
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 The sensory signals reaching layer IV seem to be processed 
in columns which are disposed perpendicular to the cortical 
surface. Each column occupies an area of about 0.1 sq mm on 
the surface and is location and modality specifi c. The location 
is in terms of the somato topic representation already discussed, 
and each column processes information about one modality 
only. Thus in the thumb area of the somatic sensory cortex, one 
column may be specifi c for touch, and another neighbouring 
column specifi c for perceiving a tempe rature stimulus applied 
to the thumb. It has been observed that the columns dedicated 
to processing of touch stimuli are far more in number than 
those for pain or temperature. That is why a tactile stimulus 
is localized more precisely than a noxious or thermal stimu-
lus. Further, a noxious or thermal stimulus is often associated 
with a tactile stimulus, and hence localization of the tactile 
component helps in localization of the other components too. 
The columnar organization is basically the result of the affer-
ent axons being straight and vertically oriented in the cortex, 
and their horizontal spread through branches being extremely 
limited.
 Now the functions of somatic sensory cortex may be sum-
marized. Area SI has a disproportionate but complete repre-
sentation of all types of sensory stimuli originating anywhere 
in the contralateral half of the body. The function of area SI is, 
fi rstly, conscious perception. Con scious awareness of a stimu-
lus means knowing that the stimulus exists. Some crude aware-
ness may exist at the thalamic level, but it is almost certain that 
full awareness is achieved only at cortical level. Secondly, the 
topogra phically arranged modality specifi c cortical columns 
suggest that in area SI awareness of the exact location and 
modality of the stimulus is also achieved. For example, projec-
tion to SI makes us aware that a touch stimulus of a particu-
lar intensity has been applied to a particular spot on the index 

fi nger, or a thermal stimulus of a particular degree of warmth 
has been applied to the heel. But this is not all that we are con-
cerned with regarding a stimulus. The efferent connections of 
area SI give some clues about the mechanisms by which other 
correlates and consequences of a stimulus are achieved. Some 
fi bres project from area SI to the motor cortex. These fi bres 
possibly help the motor cortex plan muscular activity in light 
of the sensory information. The importance of such informa-
tion is obvious in case of position sense (proprioception). But 
it is quite easy to imagine also the signifi cance of visual or any 
other sensory information for better planning of motor activity. 
Another set of fi bres project from area SI to area SII and con-
tralateral SI. These fi bres are likely to aid the synthesis of sen-
sory information from the two sides of the body. Yet another 
group of fi bres project from area SI to parietal association areas 
(Brodmann’s areas 5 and 7). The function of association areas 
is to combine the sensory information from multiple points to 
give it a meaning. For example, when we hold a piece of chalk, 
area SI can only perceive it as a touch stimulus of a particular 
intensity emanating from n number of points located at specifi c 
areas of x, y and z fi ngers. It is the association areas which 
synthesize this information to mean a rounded object of a par-
ticular length and texture. This may be coupled with visual 
information about the colour and appearance of the object, if 
the eyes are open. But even with the eyes closed, once the asso-
ciation areas have arrived at a conclusion about the shape, size 
and texture of the object, in light of past experience the asso-
ciation areas can interpret the stimulus as a piece of chalk. This 
meaning, i.e. the stimu lus is a chalk, is given by the association 
areas. Let us take another example. If we move our hand over 
a table even with the eyes closed we can say whether the table 
is covered with a table cloth, or is a bare wooden table or is a 
table with a sunmica top. Area SI only perceives the movement 
of hand (through proprioceptors), and the shifting cutaneous 
stimuli as a series of touch and pressure stimuli of a particular 
intensity. It is the association areas which synthesize the whole 
information as movement of the hand over a smooth or rough 
surface of a particular texture and interpret it as cloth, wood or 
sumica in light of past experience.
 Finally, area SI also sends efferent fibres to thalamus, 
dorsal column nuclei and dorsal horn of the spinal cord, as 
referred to earlier. These descending fi bres modulate the per-
ceived intensity of the incoming stimuli. The descending fi bres 
can possibly mediate both ‘attention’, which enhances sensitiv-
ity to stimuli; and ‘calculated neglect’, which reduces sensi-
tivity to stimuli. Reduction of sensitivity is just as important 
as enhancement. It helps us ignore or suppress trival informa-
tion, and thereby avoids distraction. That is a pre-requistite for 
paying attention to the information that really matters.
 We know very little about the function of area SII as com-
pared to SI. Area SII, on either side of the brain, has a com-
plete bilateral representation of the whole body. Therefore, it is 
believed that area SII is involved in sensory and motor coordi-
nation of two sides of the body.

Labellled Line Code
In the normal course a touch or pain or temperature receptor 
is connected to a specifi c series of neurons which carry the 

Fig. 12.6.5: Representation of different parts of the body in the primary 
sensory area (SI) of the cerebral cortex, as deduced by Penfi eld and 
Rasmussen from their studies on neurosurgical patients.
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message up to the cerebral cortex where it is interpreted. It 
is interesting to question whether the perceived modality of a 
stimulus depends on the receptor, or on the pathway through 
which it travels. It is now reasonably certain that the modal-
ity depends on the entire chain of the neurons which carry the 
message rather than the receptor. For example, it is possible to 
perceive touch, or pain, or temperature sensation by electrical 
stimulation somewhere along the appropriate sensory pathway. 
The different architecture of a touch receptor as compared to 
a temperature receptor merely refl ects the ability of the recep-
tor to respond maximally to a particular modality. But the 
modality actually perceived depends on the pathway. To give 
an extreme and impractical example, if the retina were con-
nected to the auditory nerve, stimulation of the retina by light 
would evoke a sensation of sound. That is, we would be able to 
“hear’ a candle! This concept of the modality being dependent 
on the pathway has been termed the labelled line code. That is, 
the pathways (or lines) are labelled as touch lines, temperature 
lines, etc. The labelling of lines takes place early during devel-
opment of the nervous system.

Weber-Fechner Law
This law gives the relationship between the perceived or inter-
preted strength of a stimulus and its absolute intensity. The 
interpreted strength is proportional to the logarithm of the 
absolute intensity. Since the logarithmic scale is a condensed 
scale, the interpreted intensity range is much narrower than the 
absolute intensity range.
 The range of intensity over which a stimulus can be per-
ceived is very broad for all types of stimuli. The mildest touch 
we can detect is much weaker than the hardest touch we can 
tolerate, the faintest whisper we can hear is much weaker than 
the loudest sound we can stand. The wide range of intensity 
which we can perceive is possible primarily because the entire 
range is conden sed at the level of perception. For example, a 
sound which is 100 times louder in terms of amplitude of the 
sound waves is perceived as only 3 times louder. As a result, 
the ability to distinguish between different grades of stimuli 
diminishes as the absolute intensity increases. For example, if 
one is a just able to distinguish a 30 g weight from 31 g, it will 
not be possible to distin guish a 300 g weight from 301 g. But it 
will be just possible to distin guish a 300 g weight from 310 g. 
Thus the just noticeable difference (JND) bears a constant ratio 
to the stimulus intensity. In the above example, the ratio is 1/30 
or 10/300, i.e. 0.03.
 The Weber-Fechner law does not hold good for all 
stimuli over their entire range. But it is a good working con-
cept, and gives a plausible link between the objec tively meas-
ured intensity of a stimulus and the subjectively perceived 
intensity.

Power Law
Power law is one of the several attempts that have been made 
to improve upon the Weber-Fechner Law. According to the 
power law,

Interpreted strength of a stimulus = K (Absolute stimulus 
strength)y

 While the power law may hold good for a wider range of 
stimuli and strengths, K and y need to be determined for the 

modality or range of strength in question. By assign ing appro-
priate values to K and y, almost any set of paired observations 
on interpreted and absolute strengths can be demonstrated to 
conform to the power law.

CONGNITION, CONATION AND AFFECT
This chapter deals primarily with the mechanisms of conscious 
awareness of a stimulus, and identifi cation or interpretation of 

Evoked Potentials

When a sensory pathway is stimulated the electrical changes 
which take place in part of the pathway can be picked up in 
recordings made from the surface of the scalp. These elec-
trical changes are called evoked potentials. Evoked poten-
tials are broadly of two types. The fi rst type of evoked 
potentials have a short latency (less than 100 ms). Some 
of these originate in the brainstem, some in the thalamus, 
and the rest in the cerebral cortex. Their presence indi-
cates that the sensory pathway is intact. The second type 
of evoked potentials have a long latency (100-1000 ms) and 
are called event related potentials (ERP). ERP provide infor-
mation about cortical processing. ERP appear in electroen-
cephalographic recordings as a series of negative (N1, N2 …) 
and positive (P1 , P2 …) waves. By convention, the upward 
defl ections are termed negative, the downward defl ections 
positive. The most frequently used experimental situation 
in the study of ERP is the oddball paradigm. In this paradigm 
frequent stimuli (80%) are randomly mixed with rare stimuli 
(20%), and the subject is required to count the rare stimuli. 
The rare stimulus results in a large positive parietal wave 
with a latency of about 300 ms, and therefore called P 300.
 Evoked potentials may be used for assessing the progno-
sis of a patient in coma (i.e. a patient who is unconscious, 
and cannot be aroused even by painful stimuli). In such a 
patient, if evoked potentials with a latency of less than 50 
ms are absent, the patient usually does not survive. This is 
understandable because short latency responses correspond 
to processing in the brainstem and thalamus. If even these 
structures are not functioning, chances of recovery are 
bleak. On the other hand, if ERP are present, the outcome is 
usually good. That is also understandable because ERP cor-
respond to cortical processing. If even the cortical process-
ing is going on, it means that the damage is minimal and 
reversible. About 30-50% of comatose patients have P 300 
present. This raises the possibility that if they show a corti-
cal electrophysiological response to the oddball paradigm or 
some such feature of the stimulus, they may be more aware 
than they seem. Possibly the sensorium is not as disturbed 
as the capacity for motor response to the sensory stimulus. 
This is in keeping with the anecdotes of patients recount-
ing what was going on while they were in coma after they 
recover consciousness. Therefore one should be careful not 
to say anything unkind near the patient even if the patient is 
in coma.
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the stimulus based on its characteristics. These processes are 
together called cognition. But our interaction with a sensory 
stimulus extends beyond cognition, or awareness. We react to 
it by a motor response, or an emotional response, or both. For 
example, when a mouse experiences the visual stimulus of a 
cat, it responds by the motor effect of fl ight and the emotional 
effect of fright. The motor effect is said to be the result of cona-
tion, and the emotional effect is called affect. Conation is likely 
to be mediated by the projections from the sensory cortex to 
the motor cortex, and affect by the thalamocortical projec-
tions to the limbic system. Some more details of the mecha-
nisms involved will become clear after studying the chapters 
on motor function and limbic system. But it is obvious that 
cognition, conation and affect form an interrelated functional 
unit. Awareness of the touch of the beloved (cognition) cannot 
be divorced from the touch that is returned (conation) and the 
pleasant effect it generates (affect). Thus the division of neural 
function into sensory, motor and motivational is purely for 
convenience.

QUESTIONS AND PROBLEMS
1. Why is there very little white matter in the sacral spinal cord 

as compared to the cervical cord?

2. What is the doctrine of specifi c nerve energies?

ANSWERS AND SOLUTIONS
1. It is so because more and more ascending fi bres enter the 

spinal cord as we move from the sacral to the cervical cord. 
In case of descending fi bres, cervical cord has all the fi bres 
descending from the brain. But as we move to the sacral 
cord, only those destined for the sacral cord are left. Thus 
both ascending and descending fi bres are far fewer in the 
sacral cord as compared to the cervical cord.

2. The doctrine, or law, of specifi c nerve energies is an older 
version of the labelled line code. The doctrine was stated 
by Johannes Muller in 1830 in which he postulated that the 
perception of different modalities depends on the nerves 
transmittting the message, and that each nerve has a specifi c 
nerve energy. For example, the specifi c energy of nerves 
conveying touch is mechanical energy, and that of audi-
tory nerve is sound energy. The doctrine is essentially 
valid even today because the nerve is a part of the pathway 
which determines the modalities perceived irrespective of 
the nature of the stimulus. For example, even if the audi-
tory nerve is stimulated by a blow on the head (mechanical 
stimulus), the stimulus is perceived as a sound.

12.6.indd   59612.6.indd   596 8/25/2010   11:30:35 AM8/25/2010   11:30:35 AM



12.7
Pain and Relief from Pain

Pain is a sensory experience of special signifi cance to physi-
cians and basic scientists alike. Pain is the commonest symptom 
which physicians are called upon to treat. Apart from its obvi-
ous applied value, study of the physiology of pain has taught 
us a lot about neural function in general. Pain is an intensely 
subjective experience, and is therefore diffi cult to describe. But 
it has two features which are nearly universal. First, it is an 
unpleasant experience; and secondly, it is evoked by a stimu-
lus which is actually or potentially damaging to living tissues. 
That is why, although it is unpleasant, pain serves a protective 
function by making us aware of actual or impending damage 
to the body. Like all sensory experiences, pain has two compo-
nents. The fi rst component is the awareness of a painful stimu-
lus, and the second is the emotional impact (or affect) evoked 
by the experience. While the awareness is localized to the area 
stimulated, the experience involves the whole being. That is 
why even when only a fi nger is hurt, the whole person suffers. 
The two components of pain also imply that the same painful 
experience may evoke widely different degrees of suffering in 
different persons, and even in the same person under different 
circumstances.
 From a physiological point of view, there are two 
types of pain. One, ‘fast pain’, is conducted by faster con-
ducting myelinated fibres, is well localized, and is sharp
or pricking in character. The other, ‘slow pain’ is conducted 
by slower-conducting unmyelinated fi bres, is poorly localized, 
and is burning or dull and aching in character.

PAIN RECEPTORS
Pain receptors are ‘free’ nerve endings, i.e. they are not 
enclosed in a capsule. The receptors for fast pain are sensitive to 
mechanical or thermal stimuli of noxious strength. The recep-
tors for slow pain are sensitive not only to noxious mechani-
cal and thermal stimuli but also to a wide variety of chemi-
cals associated with infl ammation. These substances include 
histamine, serotonin, bradykinin, acetylcholine, potassium 
ions and hydrogen ions. It is possible that noxious mechani-
cal and thermal stimuli also act through the release of some of 
these chemicals. Since pain receptors respond to a wide vari-
ety of stimuli, they are called polymodal. Since all the stimuli 
to which pain receptors respond are potentially damaging, or 

noxious, these receptors are also called nociceptors (nocere, 
to injure). Although nociceptors are polymodal, they are spe-
cifi c receptors completely dedicated to conveying pain through 
specifi c neural pathways. Pain receptors adapt rather poorly to 
a prolonged stimulus. That is why a pain may be felt almost 
continuously for weeks or months. Pain receptors are found 
maximally in the skin, but signifi cant numbers are also present 
in the periosteum, arterial walls, joint surfaces, falx cerebri and 
the tentorium. Deep viscera are rather poorly supplied by pain 
receptors. However, fast pain receptors are present only in the 
skin. That is why only pain originating in the skin is well local-
ized. The most conspicuous part of the body which has no pain 
receptors at all is the brain. That is why a neurosurgeon can 
work on the brain after infi ltration of the extracranial tissues 
with a local anaesthetic. It is paradoxical that the organ which 
perceives pain cannot itself detect any painful stimulus.

PAIN PATHWAYS
Fast pain is conducted to the spinal cord by A-delta type of 
nerve fi bres which have a conduction velocity of 6-30 m/s. 
These fi bres belong to neurons, the cell bodies of which lie in 

Nothing is Always True

Pain is an unpleasant sensory experience evoked by a stim-
ulus which affects living tissues adversely (noxious stimu-
lus). However, both these features of pain, although nearly 
universal, may be sometimes untrue. Pain may indeed be 
a pleasurable experience if self-infl icted as a penance, or 
encountered in pursuit of a noble cause. For example, a vol-
untary blood donor may not fi nd the pain due to the needle 
thrust into his arm unpleasant. Similarly a soldier, charged 
with patriotism, or happy at the thought of being still alive, 
may not feel the pain of an injury acquired in the battlefi eld. 
Thus pain is not necessarily painful. Further, pain is usually, 
but not necessarily the result of a noxious stimulus. In some 
psychological disorders, the patient might experience pain in 
the absence of any stimulus at all (hallucination). Thus even 
apparently axiomatic statements have exceptions. As in life, 
so in science: nothing is always true.
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dorsal root ganglia. The central axons of these neurons termi-
nate mainly in lamina I, but also in laminae II and V of the 
dorsal horn of the spinal cord. There they synapse with projec-
tion neurons which continue as the neospinothalamic tract on 
the contralateral side (Fig. 12.7.1). On their way to the thala-
mus, neospinothalamic fi bres give off collaterals in the reticu-
lar formation, tectum and the periaqueductal gray (PAG). In 
the thalamus, neospinothalamic fi bres relay in the ventroba-
sal complex. The arrangement of neurons in the ventrobasal 
complex is topographic (i.e. in terms of location of the stimu-
lus on the body), not in terms of the modality of the stimu-
lus (i.e. whether it is touch or pain or temperature). Hence the 
ventrobasal, complex provides the fi rst station where all types 
of stimuli from a given part of the body relay in neighbouring 
neurons. The thalamic neurons project to the sensory cortex 
in a topographic manner and are organized in modality spe-
cifi c columns.1 However the columns dedicated to pain are 
far fewer than those to touch. That is why pain itself is not as 
accurately localized as touch. But since painful stimuli are fre-
quently linked to simultaneous stimulation of touch receptors, 
the sensation of touch aids the localization of a painful stimu-
lus. Perhaps that is one way by which moving the fi nger over a 
tender area helps in better localization of the tender spot.
 Slow pain is conducted to the spinal cord by C type of 
nerve fi bres which have a conduction velocity of 0.5-2 m/s. 
This information is conveyed to the dorsal horn of the spinal 
cord mainly in lamina II (substantia gelatinosa). The projection 
neurons for slow pain travel in the paleospinothalamic tract. 
Paleospinothalamic fi bres give off much more collaterals in the 
reticular formation, tectum and PAG than the neospinothalamic 
fi bres (Fig. 12.7.2). In the thalamus, paleospinothalamic fi bres 
relay in the nonspecifi c nuclei (i.e. midline and intralaminar 
nuclei). That is why slow pain is poorly localized, and has a 
greater potential for keeping us awake.2

MODULATION OF PAIN
Noxious stimuli of comparable intensity may produce varying 
degrees of pain in the same individual under different circum-
stances. For example, an injury acquired by an athlete in the 
sports fi eld or by a soldier in the battlefi eld is less painful than 
a comparable injury suffered in a road accident. In other words, 
pain can be modulated. A plausible explanation for modula-
tion of pain was proposed in the 1960s by Ronald Melzack and 
Patrick Wall in the form of gate control theory.

Gate Control Theory
Gate control theory emphasized modulation of pain at the 
spinal cord level by the simultaneous presence of non-noxious 
stimuli. Suppose a touch stimulus is applied to the same area 
of skin which has been subjected to a noxious stimulus. It was 
proposed that the touch fi bre gave a collateral in the substantia 
gelatinosa of the dorsal horn of the spinal cord which, in turn, 
inhibited the pain fi bre presynaptically through an inhibitory 
interneuron (Fig. 12.7.3). That is how a touch stimulus could 

1 If you do not follow all this jargon, go back to Chapter 12.6
2 If you do not follow these arguments, wait till you reach Chapter 16.2. (Sleep).

Fig. 12.7.1: Pathway by which fast pain is conveyed to the central 
nervous system. I-VI laminae of the dorsal horn of the spinal cord.

Fig. 12.7.2: Pathway by which slow pain is conveyed to the central 
nervous system.
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reduce the painfulness of a noxious stimulus. The inhibitory 
interneuron acts as a gate. When it is activated, the gate is 
closed, and pain impulses cannot ascend upwards. When the 
gate neuron is inactive, pain impulses can ascend upwards and 
reach the sensory cortex to make us conscious of the pain.
 The theory appeals to commonsense because it is a general 
experience that the presence of other competing stimuli reduces 
the ferocity of pain. For example, generating a strong sensation 
over a painful joint by application of a counterirritant balm or 
cream reduces the pain. In general, pains are felt more acutely 
at night when competing (or distracting) stimuli are absent than 
during the day. While the gate control theory seems to explain 
some of these observations, experimental studies have failed 
to fi nd evidence for the type of neuronal circuitry proposed by 
the theory. However, the theory did stimulate much research 
on modulation of pain and contributed to the discovery of an 
endogenous pain relief system.

Endogenous Pain Relief System
The body has an in-inbuilt system for reducing the intensity of 
pain. Evidence for an endogenous pain relief system has been 
gathered during the past twenty years from a variety of studies. 
Stimulation of several areas of the central nervous system pro-
duces a specifi c analgesic response. The most important among 
these areas is the PAG. Receptors for morphine and similar 
substances (opioid receptors) are present in all the major relay 
stations concerned with pain, i.e. substantia gelatinosa, reticu-
lar formation, PAG and intralaminar thalamic nuclei, as well as 
throughout the limbic system, which is concerned with pain, 
pleasure and visceral functions. Further, substances resembling 
morphine in their molecular confi guration (endorphins) have 
been found to serve as neurotransmitters in areas of the brain 
and spinal cord where opioid receptors are present. Endorphins 
are also released from the anterior pituitary in response to 
stress.
 All the above observations put together point to an endog-
enous pain relief system which possibly works as follows. As 
in other sensory systems, there are descending fi bres which 
parallel the ascending fi bres (Fig. 12.7.4). The descending 
fi bres converge in the PAG. Activation of PAG neurons releases 
serotonin as a neurotransmitter in the substantia gelatinosa. 
Serotonin, in turn, activates enkephalinergic interneurons. The 
enkephalinergic neurons inhibit the projection neurons of the 
pain pathway (Fig. 12.7.5). That is how descending fi bres can 

Fig. 12.7.3: Gate control theory. Activation of the inhibitory interneuron 
in the substantia gelatinosa ‘closes the gate’ through which the 
sensation of pain may be conveyed.

Fig. 12.7.5: Endogenous pain relief system. Details in text.

Fig. 12.7.4: Descending fi bre tracts which infl uence the transmission 
of pain to the central nervous system.

modulate the intensity of pain. The next natural question is 
what activates the endogenous analgesic system physiologi-
cally. It seems any form of stress, specially the stress of pain, 
activates the analgesic system through the limbic system. Thus 
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pain tends to cure itself, as expressed by the great Urdu poet, 
Ghalib: “Ishrat-e-katra hai dariya mein fana ho jana. Dard ka 
had se guzarna hai dawa ho jana” (Just as a drop of water gets 
lost in a river, when pain crosses a limit, it cures itself).

Gate Control Theory Revisited
The interneurons which inhibit projection neurons of the pain 
system do exist in the spinal cord. But these inhibitory interneu-
rons are not activated by touch and other primary afferents, as 
postulated by the gate control theory. Instead, the inhibitory 
interneurons seem to be activated by the fi bres descending 
from PAG and related areas. How, then, can we explain the 
modulation of pain by touch and other competing stimuli? The 
dorsal column fi bres, while ascending to the thalamus, give off 
collaterals to the reticular formation. These collaterals could 
activate the descending fi bres of the endogenous analgesic 
system. Thus a touch stimulus can still close the gate, although 
indirectly (Fig. 12.7.6). Supporting this concept is the observa-
tion that dorsal column stimulation often produces analgesia. 
The effect is sometimes made use of by neurosurgeons to pro-
vide therapeutic pain relief.

REFERRED PAIN
It is sometimes observed that disease of a deep organ gives 
rise to superfi cial pain in some part of the body, not neces-
sarily overlying the deep organ. For example, infl ammation 

Animal Morphine

Avram Goldstein of Stanford University, and Solomon 
Snyder and Candice Pert of Johns Hopkins University dis-
covered in the 1970s that a specifi c receptor for morphine 
exists on neurons. The discovery raised the question as to 
why nature had furnished neurons with a specifi c recep-
tor for a drug obtained from a plant. It appeared reason-
able to speculate that a substance similar to morphine might 
be present in the body, and that this substance would be 
normally having some function in the brain. The search 
for such a substance was soon rewarded by the discovery 
of enkephalins by John Hughes and Hans Kosterlitz of the 
University of Aberdeen. Now a family of such substances 
has been described, which are together called endorphins. 
Endorphins comprise two major polyproteins, beta-endor-
phin and dynorphin. Beta endorphin is a precursor of met-
enkephalin, while dynorphin is a precursor of leu-enkepha-
lin. Both met- and leu-enkephalin are pentapeptides.
 Since morphine is the active principle of opium, endor-
phins are also called opioid peptides, and receptors for 
these peptides are called opioid receptors. Currently there 
are at least four subtypes of opioid receptors known.
 Endorphins are released by the pituitary and a large vari-
ety of neurons in the central nervous system. Opioid recep-
tors are abundant in the limbic system, periaqueductal gray, 
intralaminar thalamic nuclei, reticular formation and sub-
stantia gelatinosa. It seems release of opioid peptides is a 
response to stress, inducing pleasure and relieving pain in a 
diffi cult situation.

Fig. 12.7.6: Revaluation of the gate control theory. The highly 
simplifi ed neuronal circuitry in this diagram shows how stimulation of 
a touch fi bre might indirectly activate the inhibitory enkephalinergic 
interneuron in the spinal cord.

of the appendix usually produces pain around the umbilicus, 
and disease of the gall bladder often produces pain at the right 
shoulder. Such pain is called referred pain. The common point 
between the site of the referred pain and the diseased organ 
is that both are innervated by the same segment of the spinal 
cord. Since the brain is usually accustomed to receiving infor-
mation about painful stimuli only from the superfi cial parts of 
the body, it interprets an occasional painful stimulus from a 
deep organ also as originating superfi cially. The possible types 
of neuronal circuitry responsible for the phenomenon have 
been shown in Figure 12.7.7.
 There are two other related phenomena involving wrong 
interpretation of pain. If pain fi bers are stimulated mechani-
cally or electrically on their way to the spinal cord, the brain 
still interprets the pain as originating in the part of the body 
where the corresponding nociceptors are located. For example, 
if the pain fi bres travelling in the ulnar nerve are stimulated at 
the elbow, the pain is still perceived to originate in the hand 
(Fig. 12.7.8). The phenomenon is called projected pain.
 Another phenomenon, similar in its mechanism to pro-
jected pain, is phantom pain. Following the amputation of a 
limb , the cut ends of severed nerves innervate the skin cover-
ing the stump. Stimuli existing the nerve fi bres at the stump 
are interpreted as originating in the limb which does not exist 
any more. The phantom limb sometimes also experiences 
pain, which is known as phantom pain (Fig. 12.7.9). The phe-
nomenon is basically because the brain has been interpreting 
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Fig. 12.7.7: Two types of neuronal circuitry which may be responsible for the phenomenon of referred pain.

Fig. 12.7.8: Explanation for the phenomenon of projected pain.

Fig. 12.7.9: Explanation for the phenomenon of phantom pain. The stump may actually become hypersensitive because the cut nerve fi bre 
may proliferate, forming a neuroma.

signals conveyed by those nerve fi bres as coming from the lost 
limb.

CONCLUSION
Pain is bad, but not feeling pain can be worse. Individuals with 
a congenital absence of pain receptors are extremely rare but 

not unknown. Such individuals are very poor at avoiding acci-
dental injuries, and often infl ict mutilating injuries on them-
selves. As a result, their life span is usually short. Thus pain, 
although unpleasant, is a protective sensation with enormous 
survival value. However, sometimes pain seems to serve no 
purpose. For example, the pain of cancer is usually too late 
to serve as a useful warning. The pain of cancer appears at a 
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stage when it only adds to the misery of the patient. Therefore, 
pain relief becomes a major concern in the treatment of such 
patients.

QUESTION AND PROBLEM
1. What is cordotomy? Why does it frequently fail to provide 

complete relief from pain?

ANSWER AND SOLUTION

1. Cordotomy is transection of the anterolateral column in an 
attempt to interrupt the spinothalamic tracts. It is one of the 
more popular neurosurgical procedures for intractable pain. 
Since spinothalamic tracts are crossed tracts, cordotomy is 
done on the side opposite the side of the pain. But the oper-
ation may fail to provide complete and permanent relief 
because some pain fi bres travel in the ipsilateral spinotha-
lamic tract.
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13.1
Getting Introduced to 

Special Senses

We live in an age of information. We are fl ooded with infor-
mation, a lot of which is not relevant to our needs. Even the 
simplest decision acquires an element of respectability if it is 
based on appropriate information. But biological systems seem 
to have graduated to the age of information many millennia 
ago. A basic feature of these systems is collection of a wide 
variety of information from the environment. Living organ-
isms collect infor mation by means of receptors. Information 
is collected about changes taking place in both the external 
and internal environment. On the basis of this information the 
body decides on the most appropriate action. You have already 
studied the receptors which provide us information about the 
extent to which the lungs are stretched, the level of blood pres-
sure, or the partial pressure of carbon dioxide in the blood. 
These are examples of receptors which provide us information 
about the internal environment. You have also learnt something 
about the receptors located in the skin which provide us infor-
mation about the degree of warmth or pressure to which the 
skin is exposed. There are a few organs in the body which col-
lect information of special signifi cance to us from the exter-
nal environment and are, therefore, called the organs of spe-
cial senses. Special senses generally include vision, hearing, 
taste and smell. The basic mechanisms employed by special 
senses are similar to those you have already learnt in case of 
skin receptors. The stimulus is transducted by the receptor, its 
intensity coded, and the impulses transmitted by specifi c and 
non-specifi c pathways. The specifi c pathways travel via the 
thalamus to a well-defi ned cortical area which has topographic 
representation. If you put together the range of stimuli detected 
by our special senses and our not-so-special senses, you would 
realize that we are able to detect an enormous variety of 

Information

The word “information” recurs with nauseating frequency in 
this chapter. After all, information is what sensory physiol-
ogy is all about. Information is neither good nor bad; it is its 
use that makes it so. If it is collected assiduously for its own 
sake, and stored uncritically in a disorganized fashion, it is 
not likely to be of much use. Such information clutters the 
mind and inhibits clear thinking. Intelligent collection of data 
needs critical elimination of useless information, and organi-
zation of useful information into a meaningful pattern. Then 
the information can truly provide the basis for enlightened 
action. As you proceed with your study of special senses, 
you would realize how intelligently the central nervous 
system handles information collected by these organs.

stimuli. However, this entire range of stimuli still consists of 
only a small fraction of the changes that possibly take place in 
our environment. For example, the eyes are sensitive to only a 
limited range of the spectrum, and the ears can perceive only a 
limited range of frequencies only if the intensity of the sound is 
above a certain threshold and below a certain damaging level. 
Further, it would be naive to assume that the type of changes 
taking place in our environment are confi ned to those which 
our receptors can detect. What our sense organs can detect 
is only those few changes in environment which have, in the 
course of evolution, been found to be the most essential for 
our survival. In other words, there is considerable truth in the 
philosophical notion that the reality, as perceived through our 
sense organs, is only a small fraction of the entire reality.
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13.2
Functional Anatomy

of the Eye

The function of the eye is to form an image of the surround-
ings and transmit it to the brain. Accordingly, the most essen-
tial parts of the eye consist of an optical system which forms 
the image, and neural elements which convey the optical mes-
sage to the brain (Fig. 13.2.1). In addition, the eye consists of a 
framework to support these essential structures, physically and 
nutritionally.
 The eye has a rounded structure, and is hence commonly 
called the eyeball. The eyeball is housed in the orbit, a bony 
structure which protects almost the entire eyeball. However, 
a small part in the front has been left relatively unprotected to 
allow the light to enter the eyeball. The wall of the eyeball is 
made up of three layers (Fig. 13.2.2). The outermost layer is 
the tough and white sclera, which continues anteriorly as the 
transparent and more convex cornea. The middle layer is the 
vascular choroid, which forms the iris and ciliary body ante-
riorly. The colour of the eye depends on the colour of the iris. 
The iris shows a pattern of rays, rings and spots which is very 
obvious in those with light coloured eyes. The pattern is so 
individualistic that it has been suggested as an alternative to 
fi ngerprints. The iris has a small adjustable circular gap in the 
front, called the pupil. The innermost layer is light-sensitive 
retina, which stops short anteriorly near the ciliary body. The 
most peripheral part of the retina is called ora serrata. The cen-
tral part of the retina is responsible for more sharp vision and is 
called the macula lutea. The central part of the macula lutea is 
slightly indented, and is called the fovea centralis. The fovea is 
the region of maximum visual acuity.
 The exposed part of the eye is kept moist by a thin fi lm 
of tears. Tears are secreted by the lacrimal glands. Lacrimal 
glands are located in the outer and upper part of the orbit 
(Fig. 13.2.3). Their secretions are conveyed to the eye by ducts, 
and spread over the eye by blinking. Tears are drained through 
the nasolacrimal duct to the nasal cavity. Tears have impor-
tant protective functions. If any particulate matter falls in the 
eye, there is a refl ex increase in tear secretion and tears rinse 
away the offend ing particles. Tears also contain bactericidal 
enzymes. Besides, tears protect the eye from drying up, and 
thereby improve its optical properties. Tears also reduce fric-
tion between the eyelids and the eyeball during blinking. Tears 
also express emotions, perhaps only in human beings, specially 
women. Whether this function also has a protective role is for 
the reader to judge.

Fig.13.2.1: The visual process involves formation of an image (1) and 
its transmission (2) to the brain (3). In the body, 1 corresponds to the 
eye, 2 to the visual pathways, and 3 to the visual areas of the brain.

Fig.13.2.2: Diagrammatic representation of a horizontal section of 
the eyeball.

Fig.13.2.3: The lacrimal apparatus
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 The dioptric apparatus of the eye consists of the cornea and 
the lens. The lens is kept in place by zonular fi bres or the sus-
pensory ligament, which in turn is attached to the ciliary body. 
The hollow spaces in the eyeball are the anterior and posterior 
chambers, and the vitreous. The anterior and posterior cham-
bers contain a clear fl uid, the aqueous humour. The vitreous 
contains a jelly like substance, the vitreous body. Vitreous is a 
gelatinous but perfectly transparent mass. It is made up chiefl y 
of water. Besides some proteins, it contains hyaluronic acid, 
which is responsible for its gelatinous consistency. Some more 
details about aqueous humour will be discussed later in the 
chapter.
 There are six extraocular muscles which attach the eyeball 
to the orbit. Their contraction results in rotational movements 
of the eyeball about a fi xed point. Besides these muscles, there 
are also muscles within the eyeball. The ciliary body contains 
ciliary muscles. Contraction of these muscles reduces the ten-
sion in the suspensory ligament, thereby leaving the lens to 
assume a more globular shape. The iris contains circular mus-
cles, the contraction of which produces constriction of the 
pupil (and hence called sphincter pupillae), and radial muscles, 
the contraction of which produces dilatation of the pupil (and 
hence called dilator pupillae) (Fig. 13.2.4).
 The nutrition of the eyes is predominantly supplied by 
blood vessels of the choroid. The neural elements of the retina, 
however, have an independent supply from the central artery 
of the retina, which is a branch of the ophthalmic artery. The 
ophthalmic artery also gives rise to the ciliary system of arter-
ies, which supplies the choroid itself, ciliary body and iris. The 
transparent structures, i.e. the cornea and lens, have to make 
do with the nutrients that can reach them by diffusion from the 
aqueous humour and the vitreous body.
 The eye has a rich nerve supply of different types:
a. General sensory nerve fi bres from the trigeminal nerve con-

veying touch, pain and temperature sensations from the cor-
nea and other parts of the eyeball.

b. Voluntary motor nerve fi bres from the cranial nerves III, IV 
and VI supplying the extraocular muscles.

c. Parasympathetic motor fi bres from the cranial nerve III to 
the ciliary muscles and sphincter pupillae, and

d. Sympathetic motor fibres from the superior cervical 
ganglion to the dilator pupillae and blood vessels of the 
eyeball.

 These nerve fi bres are in addition to the optic nerve which 
carries afferent fibres directly concerned with the visual 
process.
 The above account of the structure of the eye is merely an 
introduction on the basis of which a study of function may be 
initiated. Some more details of structure will be discussed at 
appropriate places in the subsequent chapters.

AQUEOUS HUMOUR
As mentioned earlier, aqueous humour is the clear fl uid present 
in the anterior and posterior chamber of the eye. The posterior 
chamber is ‘posterior’ only in relation to the anterior cham-
ber; otherwise, even the posterior chamber is quite ‘anteriorly’ 
placed in the eye. Aqueous humour is secreted by the ciliary 
processes, which are highly vascular parts of the ciliary body 
and are covered by a layer of epithelial cells (Fig. 13.2.5). The 
rate of formation of aqueous humour is 2-5 cu mm per min, not 
inconsiderable, considering the small size of ciliary processes 
and the total volume of aqueous humour. As a result, there is a 
complete turnover of aqueous humour every hour.
 The composition of aqueous humour is given in 
Table 13.2.1. As seen there, the concentration of protein, urea 
and glucose is lower than in plasma, but that of bicarbonate, 
pyruvate, lactate and vitamin C is higher than that in plasma. 
Glucose concentration may be low because of utilization by 
cornea and lens, and pyruvate and lactate concentration may 
be higher due to anaerobic glycolysis in these structures. Other 
aspects of the composition, and experimental evidence of many 
types suggest that aqueous humour is not a simple fi ltrate of 
the plasma. Its formation involves active secretion of sodium 
ions. Since sodium ions are positively charged, chloride and 
bicarbonate ions follow them passively. The accumulation of 
all these ions raises the osmolarity of the fl uid, which results in 
passive transport of water due to osmotic forces.
 Since aqueous humour is formed continuously, and still 
its volume remains constant, it is logical that it should also 
be removed from the eye continuously. Aqueous humour 
is absorbed into the canal of Schlemm, a rather wide duct 

Uncommon Blessings of the Common Cold

Alexander Fleming (1881-1955) used to work with bacte-
rial cultures, and continued to work even when he had a 
common cold. On one such day, a few drops of secretion 
from his nose fell into a culture plate. After some time he 
observed clear areas around the places where the nasal 
secretion had fallen. An average scientist might have cursed 
his cold for spoiling his cultures. But Fleming had a mind 
which was always prepared to learn from every observa-
tion, planned or unplanned. He set about investigating what 
bactericidal agent there might be in the nasal secretion. The 
agent was fi nally traced to the tears. Today we know it as 
lysozyme of the lacrimal secretion.

Fig.13.2.4: Diagrammatic representation of the muscles of the iris 
which constrict and dilate the pupil
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Fig.13.2.5: Formation, circulation and drainage of aqueous humour. 
After being secreted by the ciliary epithelium, the aqueous humour 
enters the posterior chamber and fl ows towards the anterior chamber. 
It leaves the anterior chamber through the fi ltration angle. Then it 
negotiates the trabecular meshwork to enter the Canal of Schlemm. 
From the canal of Schlemm it passes into the collector channels of 
the sclera before fi nally draining into the episcleral venous system

Evolution of the Eye

The eye may be visualized as a highly advanced version of 
photosensitivity, which is widespread in the plant as well 
as the animal kingdom. The simplest ‘eyes’ are those of the 
coelenterates. Each of these organs, called ocelli (singular, 
ocellus), is a group of photosensitive cells in a shallow sur-
face pit. Ocelli can sense the intensity of light, and thereby 
possibly perceive passing objects as moving shadows. This 
may be useful to the organism in seeking protection from 
predators. From the simple ocellus have evolved, along two 
different lines, the compound eyes (ommatidia) of insects, 
and the refracting eyes of vertebrates. Although the jour-
ney from the ocelli to the ommatidia and refracting eyes has 
been long, a common thread runs throughout. The common 
feature of all eyes, from the simplest to the most complex, 
is a carotenoid photopigment which absorbs light and con-
verts light energy into free chemical energy. Some biological 
molecules, which fi rst appeared in very primitive organisms, 
have been preserved throughout the course of evolution 
because of their utility, and perhaps because they could not 
be improved upon. Photopigments are one such group of 
molecules, cytochromes and nucleic acids are a few other 
examples. These molecules provide the biochemical basis of 
the unity that characterizes diverse forms of life.

Table 13.2.1: Composition of aqueous humour

 Concentration (millimoles per liter)

Constituent Aqueous humour Plasma

Sodium 143.5 151.5
Potassium 5.25 5.5
Chloride 109.5 108.0
Bicarbonate 33.6 27.4
Lactate 7.4 4.3
Pyruvate 0.66 0.22
Ascorbate 0.96 0.02
Urea 7.0 9.1
Reducing value (as glucose) 6.9 8.3
Amino acids 0.17 0.12

(From Dvason H. Physiology of the Eye. Edinburgh: Churchill-
Livingstone, 1980)

arranged like a ring at the corneo-scleral junction (Fig. 13.2.6). 
The canal is highly permeable so that it can readily absorb even 
the small amount of protein present in the aqueous humour. 
In short, there is a regular route that aqueous humour follows. 
It is secreted by the ciliary processes into the posterior cham-
ber. From there, it moves to the anterior chamber, and is then 
absorbed into the canal of Schlemm.
 Aqueous humour is the principal determinant of the 
intraocular pressure (IOP). The normal pressure, or tension, 
within the eyeball, is about 15 mmHg. The tension is useful in 
maintaining the spherical shape of the eyeball. But if it exceeds 
reasonable limits, it can exert so much pressure on the retina as 
to damage the photoreceptors. Hence rise in intraocular pres-
sure, called glaucoma, is a serious condition. Glaucoma can be 
precipitated by drugs which dilate the pupil, and conversely it 
may be relieved by drugs which constrict the pupil.

Fig.13.2.6: Diagrammatic representation of the structures involved 
in the drainage of aqueous humour. The structures correspond to 
those enclosed in the triangle in Figure 13.2.5.

Regulation of Intraocular Pressure by the 
Trabecular Meshwork
While passing from the anterior chamber to the Canal of 
Schlemm, the aqueous has to pass through a trabecular mesh-
work (Fig. 13.2.6). The trabecular meshwork consists of a 
series of fl at lamellae separated by fl uid and furnished with 
interconnecting holes. The separation of the lamellae depends 
on the relative pressure in the anterior chamber (IOP) and 
the episcleral venous pressure (ESVP). The ESVP tends to 
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compress the trabecular meshwork and reduce the effi cacy of 
the communication channels between its lamellae. Normally, 
IOP is slightly more than ESVP. If IOP increases further, the 
ESVP presses the trabecular meshwork less than it normally 
does. As a result, the meshwork expands, facilitating fl ow of 
aqueous towards the canal of Schlemm. This tends to bring IOP 
back towards normal. On the other hand, if IOP falls below 
the ESVP, ESVP compresses the meshwork, the intertrabecular 
spaces are reduced, aqueous fl ow is diminished, and IOP tends 
to rise towards normal.
 You might have observed many similarities between the 
cerebrospinal fl uid (Chapter 12.2) and aqueous humour. Here 
is yet one more similarity. Just as there is a blood-brain bar-
rier, there is also a blood-aqueous barrier. What it means is that 
substances pass from the blood to the aqueous humour less 
easily than from blood to tissues such as the liver or skeletal 
muscle. The barrier is almost absolute for proteins, i.e. pro-
teins are nearly unable to cross from the blood to the aque-
ous humour. Among smaller molecules, the barrier is more 
effective for water-soluble substances than for lipid-soluble 
substances. The difference is possibly because the cell mem-
branes constituting the barrier are lipoprotein membranes, like 
the cell membranes anywhere in the body. Not only is aqueous 
humour similar to the cerebrospinal fl uid, the elements of the 

retina are also organized like the neurons in the brain. All these 
features remind us that the eye is essentially an extension of the 
brain.

QUESTIONS AND PROBLEMS
1. Given that the rate of secretion of aqueous humour is 3 cu 

mm per min, and that there is complete turnover of the fl uid 
every hour, what is the volume of aqueous humour in the 
eye.

2. Why is aqueous humour glucose concentration higher in the 
posterior chamber than in the anterior chamber?

ANSWERS AND SOLUTIONS
1. Amount of fl uid formed in 1 hour
 = 3 × 60 cu mm
 = 180 cu mm
 = 0.18 cu cm
 Since this replaces the fl uid completely, the volume of aque-

ous humour is 0.18 cu cm.
2. This is because posterior aqueous is freshly secreted. As it 
fl ows into the anterior chamber, some of its glucose is uti-
lized by the lens and the cornea.
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13.3
Optics of  Vision

The eye is, in many respects, comparable to a camera. Its 
optical system behaves like a convex lens which forms a real 
inverted image on the retina. The amount of light entering the 
eye can be altered by varying the diameter of the pupil.

REFRACTION IN THE EYE
The refraction fi rst takes place due to the cornea. The cornea 
(refractive index 1.38) together with the aqueous humour 
behind it (refractive index 1.33) behaves like a plano-convex 
lens of about 40 diopters (Fig. 13.3.1). After passing through 
the cornea, the rays of light pass through the lens (average 
refractive index 1.4). The lens has an effective power of about 
20 dioptres. The reason why the fat-bodied lens contributes 
much less to the refractive power of the eye than the cornea 
lies in the surroundings of the two structures. Cornea has air 
(refractive index 1.0) on one side and aqueous humour (refrac-
tive index 1.33) on the other. Therefore rays of light coming 
from outside pass from a rarer to a denser medium as they 
pass through the cornea. But the lens has on either side a fl uid 
having a refractive index not very different from the lens itself. 
Hence light undergoes very little refraction as it passes through 
the lens. If the lens were surrounded by air, its power would be 
150 D. A better example of the infl uence of surroundings on 
abilities would be diffi cult to fi nd.
 Although the contribution of the lens to the refractive 
power of the eye is small, its importance lies in the fact that 
it is adjustable. Normally, when a person shifts his sight from 
a distant object to a near object, there is involuntary increase 
in the dioptric power of the eye. The increase in power ena-
bles the person to obtain a sharp image of the near object, 
and is called accommodation (Fig. 13.3.2). Accommodation 
is due to contraction of ciliary muscles, which reduces the 
stretching effect of suspensory ligaments on the lens, thereby 
allowing the lens to become more globular. The mecha-
nism of accommodation will be discussed in greater detail in 
Chapter 13.5.

ROLE OF PUPIL
The pupil is an adjustable gap in the iris which admits varying 
amounts of light into the eye. Its function may be understood 

Fig. 13.3.1: The cornea, together with the aqueous humor, behaves 
like a plano-convex lens, as indicated by the dotted line. The refractive 
indices of different media and structures are indicated on the left.

by fi rst considering the situation when it is very small—almost 
a pinhole. In that case, the eye behaves like a pinhole camera. 
In a pinhole camera, the image is sharp irrespective of the dis-
tance of the object from the camera. Hence when the pupil is 
narrow, the images of objects within a wide range of distances 
from the eye are well-defi ned. This is spoken of as a good depth 
of focus. But a narrow pupil and good depth of focus are pos-
sible only in bright light. In dim light, the pupil widens. This 
is useful for admitting more light so that things can be seen 
even in dim light. But this is achieved at the expense of depth 
of focus. Now only those objects form a sharp image on the 
retina for which the refractive power of the eye is appropriate. 
Objects nearer or farther away than that form only a blurred 
image on the retina.
 Although a narrow pupil provides a good depth of focus, 
too narrow a pupil gives a diffractive error. Light rays passing 
over the sharp edges of pinpoint pupil are diffracted, result-
ing in interference patterns on the retina. Therefore a pin-point 
pupil (as in bright sunlight) also gives a somewhat blurred 
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Fig. 13.3.2: The unaccommodated eye (A) forms a sharp and clear 
image of distant objects on the retina (R). But if the object (O) is close 
to the eye, the image is blurred. Accommodation involves an increase 
in the dioptric power of the lens (L) of the eye. The accommodated eye 
(B) forms a sharp and clear image of an object close to the eye. As 
seen in the fi gure, the lens of the accommodated eye is more globular, 
chiefl y due to an increase in the convexity of the anterior surface.

 While the structural features of cornea are necessary for 
its transparency, they are apparently not suffi cient because 
the cornea of an excised eye soon turns smoky (i.e. trans-
lucent). A constant accompaniment of the smoky cornea is 
its higher water content. The normal cornea contains 77% 
water. Increase in water content to a level above 82% turns 
the cornea smoky. This may be because the additional water 
separates collagen fi bres, thereby making them less densely 
packed. It has been further observed that the cornea has 
a strong tendency to take up water and turn smoky. This 
happens much faster in an excised eye preserved at 4°C 
than at 31°C, suggesting that corneal metabolism tends to 
keep the cornea ‘dehydrated’. It is natural to turn to the 
epithelial and endothelial linings for the seat of the dehydrat-
ing mechanism. The epithelium has a sodium pump which 
pumps sodium actively from the tears into the cornea. The 
entry of sodium is likely to be followed by the entry of 
water due to osmotic forces. Thus the epithelium, in fact, 
tends to add water to the cornea. Hence one should look at 
the endothelium for a dehydrating mechanism. There seems 
to be an active mechanism located in the endothelium for 
pumping bicarbonate ions from the cornea into the aque-
ous humour. Sodium ions seem to follow the bicarbonate 
ions due to the electrical gradient generated by bicarbonate 
ion transport. Water follows bicarbonate and sodium ions 
due to the osmotic forces generated, thereby keeping the 
cornea dehydrated. Since the bicarbonate pump is an active 
pump, corneal metabolism is essential for keeping it dehy-
drated, and consequently transparent.
 In short, the cornea seems to be transparent because 
of its unique architecture, lack of blood vessels, and pres-
ence of an active mechanism which prevents accumulation 
of water.

What Makes the Cornea Transparent?

The mechanism for transparency of the cornea has long 
been a fascinating question on which the last word is yet to 
be said. For understanding whatever we know of the mecha-
nism, it is important to know the structure of the cornea.

Structure of the Cornea
About ninety per cent of the thickness of the cornea is made 
up of the stroma. The stroma consists mainly of collagen 
fi bres of uniform diameter arranged in the form of sheets 
(or lamellae) parallel to the surface, much like the pages of 
a book. On the outside (i.e. towards the air), the stroma is 
lined with the Bowman’s membrane and epithelium. Bowman’s 
membrane is only a less ordered region of the stroma. The 
epithelium consists of fi ve or six layers of cells, with colum-
nar cells at the base, and fl at cells on the surface. The sur-
face cells are shed continually, and replaced by division of 
basal cells. Thus the arrangement resembles that in the skin. 
But in the cornea, the superfi cial cells are not keratinised. 
Towards the inside (i.e. facing the aqueous), the stroma is 
lined with the Descemet’s membrane and the endothelium. 
Descemet’s membrane is a variation of the stroma itself. The 
endothelium is a single layer of fl attened cells.

Transparency of the Cornea
The structure of the cornea presents at least two charac-
teristics which account for the transparency of the cornea. 
First, the cornea is avascular, i.e. it has no blood vessel run-
ning through it. Secondly, the stroma has fi bres of highly 
uniform diameter, densely packed in parallel rows. Hence 
diffracted rays of light passing through the cornea tend to 
cancel each other out by destructive interference, leaving 
the normal undiffracted rays unaffected. In contrast with the 
cornea, the sclera has collagen fi bres which are heteroge-
nous in diameter and are less densely packed. This may be 
one reason why the sclera is opaque.

vision. The optimal pupil diameter for the sharpest image is 
about 2 mm.

REDUCED EYE
The eye, with its multiple surfaces of refraction, is too complex 
for construction of an image. However, it has been seen that if 
we consider the eye to have only a single convex lens of 59 D 
with its optical centre (here called the nodal point) 17 mm in 
front of the retina, we get a situation which is optically almost 
identical with the normal eye. Such a theoretical eye is called 
reduced eye (Fig. 13.3.3). The principal plane of the reduced 
eye is 1.5 mm behind the anterior surface of the cornea. In such 
an eye, the image can be easily constructed using the basic 
principles of optics.

ERRORS OF REFRACTION
Eye is a sphere barely an inch in diameter with arrange ments 
for forming precisely focussed images of objects at distances 
varying from a quarter of a meter to infi nity. This is indeed a 
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distant objects is formed a little in front of the retina. Hence 
the image on the retina is blurred. However, if the object is 
nearer than a certain point, the image on the retina is well-
focussed. This point is called the far point. By using an 
appropriate concave lens, the additional dioptric power of the 
myopic eye can be neutralised, and the error can be corrected 
(Fig. 13.3.4).

Hypermetropia
In this error, refraction is a little too weak, or the eyeball is 
a little too short. The result is that the well-focussed image 
of near objects is formed a little behind the retina. Hence the 
image on the retina is blurred. However, if the object is farther 
than a certain point, the image on the retina is well-focussed. 
This point is called the near point. By using an appropriate 
convex lens, the defi cient dioptric power of the hypermetropic 
eye can be corrected (Fig. 13.3.5).

Presbyopia
This error is generally seen after the age of forty, and becomes 
progressively worse with age. It is due to the failure of the eye 

What Turns the Lens Opaque

The lens is transparent due to reasons somewhat similar 
to those responsible for the transparency of the cornea. 
The lens is also avascular, and has a geometrically perfect 
arrangement of protein molecules existing in a well-regu-
lated ionic environment. But the transparency of the lens 
cannot be taken for granted. About 60% of us are likely to 
have some loss of transparency of the lens after the age of 
about 60. This change is called senile cataract. Many mor-
phological, biochemical and optical abnormalities associated 
with senile cataract have been described, but nobody knows 
the exact cause of the opacifi cation. The best documented 
contributory factors are heat and ultraviolet rays. Persons 
living in tropics and exposed to sunlight for long periods 
develop cataract relatively more commonly. Whatever the 
root causes, the pathogenesis of cataract seems to begin 
with defects in the mechanisms which maintain the ionic 
environment of the lens. As a result, the water content and 
sodium and calcium concentration of the lens frequently 
increase, and the potassium concentration decreases. 
Among these changes, the increase in calcium concentration 
is perhaps of crucial importance. Increased calcium concen-
tration promotes aggregation of high molecular weight lens 
proteins, rendering them insoluble. Collection of insoluble 
protein aggregates disturbs the regular arrangement of pro-
tein molecules which keeps the lens transparent. That is 
why the cataractous lens is opaque.

Fig. 13.3.3: The reduced eye. Observe that the rays of light which 
are parallel to the principal axis are coming to a focus exactly on the 
retina, i.e. 17 mm behind the optical centre (or nodal point). Calculate 
whether the power of a lens having a focal length of 17 mm is actually 
59 dioptres as indicated in the diagram.

marvel in miniaturisation. It is surprising that errors of preci-
sion in focussing do not occur more frequently than they do. 
These errors are commonly called errors of refraction. The 
common varieties of errors are given below briefl y.

Myopia
In this error, refraction is a little too strong, or the eyeball a 
bit too long. The result is that the well-focussed image of 

Fig. 13.3.4: Myopia. In a normal eye (emmetropic), rays of light 
coming from a distant object are focussed exactly on the retina. In 
myopia, which may be due to the eyeball being too long, such rays of 
light are focussed in front of the retina. But rays of light coming from 
objects at point P, or nearer than that, are focussed exactly on the 
retina, and therefore such objects are seen clearly. If an appropriate 
concave lens is placed in front of the myopic eye, rays of light coming 
from a distant object seem to come from the point P, and are therefore 
focussed exactly on the retina. Therefore distant objects are seen 
clearly by the corrected myopic eye.
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to accommodate adequately. Poor accommodation was thought 
to be due to weakening of ciliary muscles. But now it has been 
observed that there is no diminution in the contractile power 
of the ciliary muscles with age. Presbyopia is partly due to a 
decrease in the modulus of elasticity of the lens capsule, and 
partly due to hardening of the lens material. As a result, the 
shape of the lens does not change suffi ciently in spite of the 
contraction of ciliary muscles. As a result, accommo dation, 
which involves an increase in dioptric power of the eye, is 
inadequate. Since the lens does not become as convex as it 
should while the person is trying to look at a near object, the 
net effect is as if the dioptric power of the eye is defi cient, or 

Fig. 13.3.5: Hypermetropia. In a normal eye (emmetropic), 
accommodation ensures that rays of light coming from a near object 
are focussed exactly on the retina. In hypermetropia, which may be 
due to a weak lens, such rays of light are focussed behind the retina. 
But rays of light coming from objects at a distant point P, or farther 
away than that, are focussed exactly on the retina, and therefore such 
objects are seen clearly. If an appropriate convex lens is placed in 
front of the hypermetropic eye, rays of light from a near object seem 
to come from the point P, and are therefore focussed exactly on 
the retina. Therefore near objects are seen clearly by the corrected 
hypermetropic eye.

similar to hypermetropia. Hence this error is also corrected by 
use of appropriate convex lenses whenever the person has to 
see a near object, as during reading.

Astigmatism
This error is due to lack of uniformity of refracting power of 
the eye in different planes. The error can be corrected by using 
appropriate cylindrical lenses.
 The capacity of man-made lenses to supplement the lens 
system of the eye for achieving perfection is an excellent 
example of what doctors do so frequently; they mimic nature in 
order to correct a defect.
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13.4
Retinal Function

The primary function of retina is to translate visual stimuli into 
the language which the nervous system understands. The voice 
of the nervous system is the nerve impulse, and its manifesta-
tion which physiologists are most conversant with is the change 
in membrane potential. In transducing the stimulus energy into 
electrical energy, the retina resembles other sensory recep-
tors of the body. But the retina, in addition, also processes the 
signal generated by transduction. The processed signal is con-
veyed to the brain. The mechanisms of transduction and signal 
processing will be discussed in some detail in this chapter.

STRUCTURE OF THE RETINA
The receptors of the retina are rods and cones, which lie adja-
cent to a layer of pigment epithelium (Fig. 13.4.1). There are 
about 120 million receptor cells in each eye, the ratio of rods 
to cones being 20:1. Although the total number of rods is much 
more than that of cones, there is a small area in the central 
retina which has more cones than rods. This area, about 1 sq 
mm, is called the macula lutea, or simply the macula. At the 
centre of the macula is a still smaller area, about 0.1 sq mm, 
called the fovea centralis, or simply the fovea. The receptors in 
the centre of the fovea are exclusively cones. There are some 
other differences also between the fovea and peripheral parts 
of the retina (Table 13.4.1), the full functional signifi cance of 
which will become clear later. At this stage, it might be men-
tioned that rods provide some vision in dim light, while cones 
provide high acuity vision in bright light and also detect colour.
 Rods and cones have essentially similar structures 
(Fig. 13.4.2). Either of them consists of an outer segment, 
an inner segment, and a synaptic terminal. The shape of the 
outer segment is somewhat different in rods and cones, and is 
as suggested by their names. The outer segment shows multi-
ple invaginations of the plasma membrane. The invaginations 
eventually get pinched off to form discs in the case of rods. 
These discs, and in case of cones the invaginations as such, are 
the seat of deposition of the photopigment synthesized in the 
inner segment. The terminals of rods and cones have vesicles 
which are believed to contain the neurotransmitter employed 
by these cells.
 Rods and cones communicate their message to bipolar cells. 
Bipolar cells, in turn, pass on the message to ganglion cells. 

Fig. 13.4.1: Schematic diagram of the structure of the retina. Note 
that the chain essentially consists of rods/cones, bipolar cells and 
ganglion cells. Horizontal cells and amacrine cells possibly achieve 
horizontal integration of information.

The axons of ganglion cells form the optic nerve. Although 
there are about 120 million rods and cones, there are only 
about one million ganglion cells, indicating considerable con-
vergence. However, the convergence is much more marked at 
the periphery than at the centre of the retina. Further, ganglion 
cells are of three types, X, Y and W. X cells have intermediate-
size cell bodies, and small dendritic fi elds. Y cells have large 
cell bodies, and large dendritic fi elds. Since X cells provide 
an independent pathway for stimuli affecting only a small area 
of the retina, they participate in perception of details, or high 
acuity vision. On the other hand, Y cells participate in percep-
tion of crude form and movement by sampling a large area of 
the retina. W cells have small cell bodies and large dendritic 
trees. But their projection is limited to areas which participate 
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pigment epithelium minimizes refl ection of light which could 
reduce clarity of the image.

Photochemical Reaction
Light activates the pigment molecules in the outer segment of 
rods and cones. The pigment in rods is rhodopsin. Cone pig-
ment is of three types, and accor dingly there are three types of 
cones. Rhodopsin and the three cone pigments differ primarily 
in the wavelength of light to which they are maximally sensi-
tive. But the basic reactions are the same for all pigments, and 
rhodopsin will be used to illustrate the reactions (Fig. 13.4.3).
 Photo-activated rhodopsin quickly decomposes into 11-cis-
retinal, a vitamin A derivative, and opsin, a protein. 11-cis-ret-
inal is unstable, and rapidly isomerises into all-trans-retinal. 
All-trans-retinal is toxic to rods, but is promptly bound to a 
transport protein, which carries it to the pigment epithelium. 
Thus light breaks down rhodopsin, and reduces its quantity in 
the rods. Although some replacement of the decomposed pig-
ment may take place even in bright light, synthesis of new 
pigment is primarily a process that takes place in darkness. 
Synthesis of rhodopsin involves isomerization of all-trans-reti-
nal to 11-cis-retinal, and its combination with opsin in the inner 
segment. The newly manufactured rhodopsin migrates to the 
outer segment where it is deposited on the discs.
 When a person has stayed in bright light for a long time, 
almost all the rhodopsin in his rods undergoes decomposition. 
Secondly, the receptor cells undergo a process of adaptation 
due to persistent exposure to a strong stimulus. Therefore, if 
such a person enters a dark room, initially he fi nds it almost 
impossible to see anything. But gradually, he can make out his 
way even in the dark. Improvement of vision in the dark room, 
or dark adaptation, has two distinct phases (Fig. 13.4.4). The 
fi rst phase, or the rapid phase, brings about a small but notice-
able improvement in vision within a few minutes. This phase is 
due to neural adaptation. Receptor cells, which had adapted to 
persistent strong stimulation, recover their sensitivity when the 
strong stimulus is withdrawn. The second phase, or the slow 
phase, brings about a marked improvement in vision in about 

Fig. 13.4.2: Structure of rods and cones.

Table 13.4.1: Differences between peripheral and 
central retina

 Peripheral Retina Central Retina

1. Receptors are mainly rods Receptors are mainly cones
 (diameter, 2-5 microns) and (diameter, 1.5 microns)
 some cones (diameter, 5-8 and some rods. At the fovea,
 microns) there are no rods
2. Light passes through  Ganglion and bipolar cells
 ganglion and bipolar cells  pushed aside to reduce barriers
 before reaching the receptor between light and receptors.
  At the fovea, the displacement  
  is so complete that light reaches  
  the cones directly
3. Marked convergence, resul- Convergence much less, result-
 ting in large receptive fi elds ing in small receptive fi elds
 for bipolar and ganglion cells for bipolar and ganglion cells
4. Sensitivity to light high, Sensitivity to light low,
 but visual acuity low but visual acuity high

in visual refl exes. Thus W cells have no role in conscious per-
ception of visual stimuli.
 The synapses between the receptor cells and bipolar cells 
are infl uenced by horizontal cells which interconnect neigh-
bouring areas of the retina. The corresponding function at the 
synapses between bipolar cells and ganglion cells is performed 
by amacrine cells.

EXCITATION OF RETINA
The retina is so positioned in the eye that light has to pass 
through the ganglion cells and bipolar cells before reaching the 
rods and cones. Although it appears to be an illogical arrange-
ment, it seems to work satisfactorily. However, at the fovea 
all barriers are removed and light reaches the cones directly. 
Although the design works satis factorily, it may be argued why 
such a seemingly illogical organization at all? The advantage 
of the design seems to be that it places the pigment epithelium 
next to the rods and cones. Rods and cones have a functional 
link with the pigment epithelium during the photo chemical 
reactions taking place in the eye (see below). Secondly, the 

Fig. 13.4.3: Photochemical reactions involved in stimulation of visual 
receptors and regeneration of the visual pigment, rhodopsin.
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an hour. This phase is due to chemical adaptation. During this 
phase, rods, which had got depleted of rhodopsin in bright 
light, replenish their rhodopsin. Since retinal is a vitamin A 
derivative, replenishment of rhodopsin may suffer in vitamin A 
defi ciency. Hence impaired dark adaptation is one of the earli-
est symptoms of vitamin A defi ciency.
 Not only is the breakdown and synthesis of rhodopsin a 
dynamic process, the entire upper segment undergoes periodic 
renewal. The upper segments of rods and cones undergo con-
tinual wear and tear, are shed and phago cytosed by the pigment 
epithelium. The lost segments are replaced by regenerative 
activity in the lower segment.

Transduction
The entire series of photochemical reactions is not essential to 
trigger the transduction of the visual stimulus into electrical 
changes. Photo-activation of the rhodopsin molecule is accom-
panied by a conformational change, which in turn brings about 
a similar change in a membrane protein, transducin, in the 
plasma membrane of the outer segment. Transducin belongs to 
the family of G-proteins which mediate the release of cytoplas-
mic messengers by hormones bound to membrane receptors.1 
A conformational change in transducin activates phosphodi-
esterase. Phosphodiesterase is an enzyme which can hydrolyze 
cyclic 3’, 5’-guanosine mono phosphate (cGMP). Hence activa-
tion of phospho diesterase brings about a reduction in the cGMP 
levels in the cytoplasm. cGMP is believed to keep Na channels 
in the upper segment open. If the Na channels are open, Na 
pumped out by the lower segment fi nds its way back into the 
rods and cones through the upper segment. This prevents the 
polarization of membrane potential which is characteristic of 
most of the excitable cells in the resting state. In other words, a 
resting photoreceptor cell is a hypo-polarized cell. In darkness, 
when it is at rest, a sodium current fl ows from the inner seg-
ment to the outer segment, thereby keeping it hypopolarized. 
Hence this Na current is also called the dark current. Reduction 
in cGMP by the light stimulus, as described above, slows down 
the dark current, thereby leading to the hyper polarization (as 

compared to the resting potential). The degree of the hyper-
polarization is related to the magnitude of the light stimulus. 
For a given wavelength, the amplitude of the hyperpolarization 
is directly proportional to the intensity (or brightness) of the 
light stimulus. Thus the hyperpolarization of rods and cones 
has the features of a receptor potential. The receptor potential 
of the visual receptor cells is unique in the whole body in being 
a hyperpolarization potential. Rods and cones release a neu-
rotransmitter (glutamate) at rest. The light stimulus, and the 
resulting hyperpolarization, leads to a decrease in the rate of 
release of the neurotransmitter (Fig. 13.4.5).

Signal Processing
The receptor cells translate the visual stimulus in terms of 
changes in the amount of neurotransmitter released. The bipo-
lar and ganglion cells are not simple carriers of the signal gen-
erated by the receptor cells; they also process the signal as 
indicated by their responses to visual stimuli. Since bipolar 
and ganglion cells are much fewer than the receptor cells, each 

Fig. 13.4.4: Time course of dark adaptation. The threshold for 
visual perception declines in two phases after a person is exposed 
to darkness.

Fig. 13.4.5: Activation of photoreceptors. Above, the resting 
membrane potential of photoreceptors is about –20 mV. Application 
of a stimulus, such as a fl ash of light, results in hyperpolarization, the 
magnitude of which is proportional to the intensity of the stimulus. 1, 
2 and 3 represent responses to progressively stronger stimuli. Below. 
A ‘resting’ photoreceptor (rod or cone) releases its neurotransmitter 
at a certain steady rate. A stimulus, such as a fl ash of light, reduces 
the rate of release of the neurotransmitter. 1, 2 and 3 represent 
responses to progressively stronger stimuli.

1 For other examples of G-proteins, see the action on Endocrines (Section 9)
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bipolar or ganglion cell shows change in its activity in response 
to visual stimuli impinging on a fairly wide area of the retina. 
The part of the retina in which a stimulus alters the activity of a 
bipolar or ganglion cell is called its receptive fi eld (RF).

Bipolar Cell Responses
A visual stimulus in the RF of a bipolar cell has opposite effects 
on its activity depending on whether the stimulus is in the 
centre or at the periphery of the RF. Within this general frame-
work, there are two types of bipolar cells. One type, called 
the on-centre bipolar cells, respond by hypopolarization to a 
stimulus in the centre of the RF, but show hyperpolarization 
if the stimulus lies in the periphery of the RF. In contrast, the 
off-centre bipolar cells show hyperpolarization if the stimulus 
lies in the centre of the RF, and hypopolarization if the stimu-
lus is in the periphery of the RF. The phenomenon of opposite 
type of responses to stimuli in the centre or the periphery of the 
RF is called centre-surround antagonism (Fig. 13.4.6). Like 
the rods and cones, bipolar cells also show no action poten-
tials. Their activity is also indicated by a non-threshold, graded 
change in the degree of membrane polarization.

Mechanism of Two Types of Bipolar Cell Response
The two opposing types of bipolar cell responses are due to 
the two types of changes which the bipolar cell membrane 
undergoes in response to the neurotransmitter released by the 
receptor cells (Fig. 13.4.7). For on-centre type of bipolar cells, 
the neurotransmitter is inhibitory. Since activation of visual 
receptor cells decreases the release of the transmitter, it results 
in reduced inhibition of these bipolar cells. Reduced inhibi-
tion (or disinhibi tion) is equivalent to excitation. That is how 

Fig. 13.4.6: On-centre and off-centre bipolar cells. RF, receptor fi eld. 
The shaded area of RF is dark; the clear circle represents the point 
where a bright point source of light has been provided as a stimulus. 
If the stimulus is applied in the centre of the RF of an on-centre 
bipolar cell (the fi rst case in this diagram from the left), the bipolar 
cell responds by hypopolarization, and stimulates the ganglion cell 
with which it communicates. Correspondingly there is an increase in 
the rate of discharge of nerve impulses in the axon of that ganglion 
cell. The other cases illustrated in this diagram can be understood 
in a similar way.

Fig. 13.4.7: Mechanism of on-centre and off-centre type of response in bipolar and ganglion cells. In the dark, a steady sodium current from 
the inner to the outer segment keeps the photoreceptors hypopolarised. That makes them release the neurotransmitter at a steady rate. 
The neurotransmitter has an inhibitory effect on on-centre bipolar cells and an excitatory infl uence on off-centre bipolar cells. Both types of 
bipolar cells have an excitatory infl uence on the ganglion cells to which they are connected. That is why the impulse frequency is higher in 
the off-centre ganglion cells when the centre of the receptive fi eld is dark. When a light stimulus is applied to the centre of the receptive fi eld, 
there is a decrease in the rate of release of neurotransmitter from the stimulated photoreceptors. Correspondingly, the impulse frequency 
in on-centre ganglion cells increases, and that in off-centre ganglion cells decreases.

on-centre bipolar cells display excitation (or hypo polarization) 
in response to a visual stimulus in the centre of their RF.
 For off-centre type of bipolar cells, the neuro-transmitter 
released by receptor cells is excitatory. Hence through an oppo-
site series of steps, these cells are hyperpolarized by a stimulus 
in the centre of their RF. Thus bipolar cells illustrate a general 
biological phenomenon that the biological effect of a chemical 
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agent depends not only on the agent but also on the properties 
of the target cells.
 Excitatory synapses connect bipolar cells to ganglion cells. 
Hence ganglion cell responses are similar to the bipolar cell 
responses.

Ganglion Cell Responses
Ganglion cells also display centre-surround antagonism. But 
ganglion cells show action potentials, and their activity can 
be judged from the frequency of impulses in their axons. 
On-centre ganglion cells show an increased frequency of dis-
charge in response to a visual stimulus in the centre of the RF, 
and a decrease in discharge frequency if the stimulus lies in the 
periphery of the RF. Off-centre ganglion cells show just the 
opposite type of response.

Mechanism of Centre-Surround Antagonism
The basis of two opposite types of responses from differ-
ent bipolar or ganglion cells lies in the way a given bipolar 
cell responds to the neurotransmitter released by rods and 
cones. But that still does not explain why the same bipolar 
cell behaves differently when the centre of its RF is stimu-
lated as opposed to the periphery of its RF. For explaining this 
phenomenon, or the centre-surround antagonism, we have to 
invoke the horizontal cells. When the visual stimulus is at the 
periphery of the RF, the dominant response is due to the effect 
of horizontal cells connecting neighbouring receptor cells 
(Fig. 13.4.8).

Implications of Centre-Surround
Antagonism for Visual Perception
In order to understand the functional implications of centre-
surround antagonism, let us see how an on-centre or off-centre 

Fig. 13.4.8: Mechanism of centre-surround antagonism. The mechanism has been illustrated diagrammatically by considering an on-centre 
response. (I) A light stimulus (S) has been applied in the centre of the receptive fi eld (RF). The response can be understood as explained 
in Figure 13.4.7. A, photoreceptor; B, bipolar cell; C, ganglion cell; D, neighbouring photoreceptor; E, horizontal cell. The contribution of the 
neighbouring receptor cell and horizontal cell need not be considered to understand the response to the stimulus in the centre of the RF. 
(II) A light stimulus (S) has been applied in the periphery of the RF. That stimulates (i.e. hyperpolarizes) D. Hyperpolarization of D reduces 
activity of E. Reduced activity of E disinhibits A. Disinhibition (i.e. hypopolarization) of A increases neurotransmitter release from A. The 
neurotransmitter released by A inhibits B (because B is an on-centre bipolar cell). Therefore increased release of neurotransmitter from A 
hyperpolarizes B and reduces the activity of C. That is how a stimulus in the periphery of the RF inhibits on-centre bipolar and ganglion cells.

neuron responds to different patterns of visual stimulation 
(Fig. 13.4.9). It is important to note that when both the centre 
and surround of the RF are stimulated, the response to stimula-
tion of the centre dominates. As seen in the fi gure, maximum 
change in neuronal activity takes place when the RF is pre-
sented with a stimulus which is partly bright and partly dark. 
In other words, the neuorn is maximally sensitive to a contrast. 
That is perhaps the reason why we can appreciate the borders 
of objects much better than the objects. This is useful because 
appreciation of borders is more important for perception of 
form as well as movement. Enhanced sensitivity to contrast by 
lateral inhibition is a fairly widespread phenomenon in the cen-
tral nervous system.

COLOUR BLINDNESS
Total colour blindness is extremely rare. What is relatively 
common is impaired appreciation of colour, or colour weak-
ness. Defects in colour vision may be genetic or acquired, and 
may affect the cone mechanism or brain mechanism of colour 
vision. Only the genetic forms of colour weakness affecting 
cones will be discussed briefl y here. These disorders are classi-
fi ed into three broad categories.

Trichromats
A normal person whose colour vision is based on three types of 
cones is also called a trichromat. But there are some trichromats 
with colour weakness in whom one type of cones are fewer or 
defective. If the defi ciency is that of ‘red cones’, the defect is 
called protanomaly, if that of ‘green cones’, it is called deuter-
anomaly, and if that of ‘blue cones’, it is called tritanomaly. 
Such individuals make minor mistakes in colour identifi cation. 
The mistakes may become serious if the individual happens 
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The Mystery of Colour

How we are able to perceive hundreds of shades of colour 
has always been a source of fascination to scientists. It is 
interesting that the trichromatic basis of colour vision was 
fi rst proposed by Thomas Young, an English physician, at the 
beginning of the nineteenth century, long before the dem-
onstration of three type of cone pigments. About 50 years 
later, Young’s hypothesis received independent support from 
the psycho-physiological experiments of Maxwell, an English 
physicist, and Helmholtz, a German physiologist. Now we 
know that there are three types of cones which differ in 
the absorption spectrum of their pigments (Fig. 13.4.10). 
Although there are three distinct peaks at about 420 nm 
(blue), 530 nm (green) and 560 nm (red), there is consider-
able overlap in the three spectra. Hence most stimuli would 
infl uence the activity of at least two, if not all the three types 
of cones. The colour perceived depends on the ratio of 
excitation of the three types of cones. In this way, hundreds 
of different patterns of excitation are possible, and hence a 
very large number of colours can be distinguished. But there 
is one fl aw in this arrangement. A weak stimulus of optimum 

Fig. 13.4.9: Significance of centre-surround 
antagonism. Top. Symbolic representation of net 
change in activity of neuron I (on-centre) and 
neuron II (off-centre) in response to an advancing 
dark ‘stimulus’. A, the stimulus is not encroaching 
on the receptive fi eld (RF). The centre as well as 
periphery of the RF are brightly lit. Therefore the 
on-centre neuron has a net activity of +4 (arbitrary 
units) and the off-centre neuron has a net activity of 
-4. B-D, the neuronal activity changes depending on 
how much of the RF is brightly lit and how much is 
in darkness. Bottom. Graphic representation of the 
activity of neurons I and II corresponding to stimuli 
A-D. Observe that the maximum change in activity 
(+5 or -5) is seen when part of the RF is dark, and 
part brightly lit. Further, the contrast between the 
activities of neurons I and II is also maximum when 
the RF is partly dark and partly lit. That is perhaps 
the explanation for better perception of borders of 
objects than of the objects themselves.

wavelength, or a strong stimulus of some other suitable 
wavelength, may give the same level of excitation of the 
same set of cones. How would we then distinguish between 
the two stimuli? Some distinction is possibly achieved at the 
level of ganglion cells. Some ganglion cells give colour-sen-
sitive responses. Their receptive fi elds (RF) are concentric, 
and show centre-surround antagonism, as in case of ganglion 
cells sensitive to brightness. These ganglion cells, known as 
single opponent cells, show either red green sensitivity, or 
blue/yellow sensitivity (Fig. 13.4.11). However, there still 
remain chances of ambiguity because colour-sensitive gan-
glion cells are also sensitive to brightness. For example, a 
red/green opponent cell may give the same response to a 
small bright white spot or a large red spot in its RF. Such 
discrepancies are taken care of by colour-sensitive double 
opponent cells in the visual cortex which are not sensitive 
to brightness. (Fig. 13.4.12). Some details about colour per-
ception mechanisms at the cortical level will be discussed in 
Chapter 13.6.
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to be an engine driver or a pilot, and is operating under bad 
weather conditions.

Dichromats
Dichromats have only two type of cones in the retina. 
Depending on whether the ‘red’, ‘green’ or ‘blue cones’ are 
absent, the condition is called protanopia, deuteranopia or tri-
tanopia respectively. Such individuals make gross mistakes in 
identifi cation of colours.

Monochromats
Monochromats have only one type of cones. Such 
individuals are totally colour blind. Fortunately this defect is 
very rare.
 Colour blindness affects about 10% of males; it is almost 
absent in females. This is because the genes for ‘red’ and 
‘green cones’ are recessive and are present on the X chromo-
some. That is why females, with two X chromosomes, are gen-
erally only the carriers of the defect. The gene for ‘blue cones’ 
is, however, present on an autosome. The commonest form of 
colour blindness is deuteranomaly, which affects about 5% of 
the males.

ELECTRORETINOGRAM
Retina has a large number of regularly oriented neural ele-
ments, arranged in distinct layers. Therefore neural activity 
associated with stimulation of the retina generates electrical 
activity strong enough to be picked up on the surface of the 
eye, and well-defi ned enough to give a predictable pattern. 
A record of the integrated electrical activity associated with 
visual stimulation is called electroretinogram (ERG).
 For recording the ERG, the active electrode is placed on the 
cornea and the indifferent electrode is placed in the mouth. The 
waveform recorded is as shown in Figure 13.4.13. The origin 
of different components of the wave- form is controversial, but 
is generally thought to be as follows:
a wave : summation of receptor potentials
b wave : electrical activity of bipolar cells and ganglion 

cells

Fig. 13.4.10: Absorption spectrum of the pigments of blue (B), green 
(G) and red (R) cones.

Fig.13.4.11: Response patterns of colour-sensitive single opponent 
ganglion cells. 1 and 2 red/green sensitive cells; 3 and 4, blue/yellow 
sensitive cells. 1. the cells show an increase in activity if a red stimulus 
is applied in the centre of the receptive fi eld (RF), and a decrease in 
activity if a green stimulus is applied in the periphery of the RF. The 
same cells show a decrease in activity if a green stimulus is applied 
in the centre of the RF, and an increase in activitry if a red stimulus is 
applied in the periphery of the RF. Cells of the types 2, 3 and 4 have 
been depicted using similar symbolic representation.

Fig. 13.4.12: Response patterns of red/green sensitive double 
opponent cells in the visual cortex. The symbolism used is similar 
to that in Fig. 13.4.11. Note that the cell type shown here combines 
the features of cell types 1 and 2 of Figure 13.4.11

c wave : a prolonged slow wave, possibly repre senting 
slow hyperpolarization of the pigment epithelium

d wave : effect of switching off of the stimulus; represents 
return of receptors and bipolar cells to the resting 
level.

CONCLUSION
The retina transmits to the central nervous system a highly dif-
ferentiated message. The message carries information about 
intensity, form and contrast as well as colour of the stimu-
lus. Further processing of the message in the central nervous 
system fi nally results in conscious perception and interpreta-
tion as discussed in the next chapter.
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Fig. 13.4.13: The electroretinogram. Left. A characteristic record in 
a dark adapted eye. The duration of the light stimulus is indicated by 
the interval between the arrows. Right. Schematic representation of 
the recording set-up. Amp. amplifi er; R. recorder (an oscilloscope).
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13.5
Visual Pathways

The visual message about the world around us is carried by the 
two optic nerves to the central nervous system along specifi c 
pathways. The processing of the message at different levels 
results in conscious perception of stimuli as well as conscious 
and refl ex responses to them. Hence, knowledge of pathways 
is important for understanding the central neural mechanisms 
responsible for the way we see and react to our surroundings.
 The two optic nerves converge and meet at the optic chi-
asma. From the optic chiasma, the visual fi bres again emerge 
in two groups known as the optic tracts. If we look at the dis-
tribution of fi bres in the optic nerves and optic tracts, we fi nd 
that an orderly rearrangement of optic nerve fi bres takes place 
in the optic chiasma. The fi bres of the optic nerve originating 
in the temporal half of the retina continue in the optic tract on 
the same side. But optic nerve fi bres originating in the nasal 
half of the retina cross over to the contralateral optic tract. The 
result is that information from the right visual fi eld travels in 
the left optic tract, and vice versa (Fig. 13.5.1). The situation is 
similar to that in case of other sensory modalities where too, in 
general, the right side of the body sends information to the left 
side of the brain.
 The two optic tracts give some collaterals to superior col-
liculi, pretectal area and the hypothalamus. But the major des-
tination of each optic tract is the lateral geniculate nucleus 
(LGN) of the thalamus. Distribution of optic tract fi bre termi-
nals (in fact, ganglion cell terminals) in LGN again reveals a 
very orderly arrangement. LGN is a six-layered structure, layer 
1 being the most ventral and layer 6 the most dorsal. Optic tract 
fi bres which originated in the contralateral nasal retina termi-
nate in layers 1, 4 and 6 of LGN, while fi bres which originated 
in the ipsilateral temporal retina terminate in layers 2, 3 and 5 
of LGN. This seemingly confusing arrangement, in fact, brings 
information about corres ponding points in the visual fi elds of 
the two eyes to neighbouring layers of the LGN (Fig. 13.5.2). 
Another noteworthy point in the LGN is the mode of termina-
tion of X and Y type of ganglion cells. X type of ganglion cells 
have small terminal trees (arbors) in the LGN. But the terminal 
arbors of Y ganglion cells are multiple, widespread and large. 
Similarly, differences exist in the cell bodies and dendritic 
trees of X and Y ganglion cells (Chapter 13.4). These facts put 
together suggest that the ‘X pathway’ is concerned with high 
acuity vision while the ‘Y pathway’ subserves perception of 
crude form and movement.

Fig. 13.5.1: The principal visual pathways.

 The axons of all W type ganglion cells, and also those of 
some Y cells, leave the optic tract and terminate in superior 
colliculi. Besides direct input from the optic tract, superior col-
liculi also receive indirect input from the visual cortex. The 
chief efferent tracts originating in the superior colliculi are 
the tectospinal and tectopontine tracts. The superior colliculi 
are the integrating centres for the head and neck movements 
associated with visual stimuli (e.g. when you turn your head to 
see something interesting). These head and neck movements 
are executed via the tectospinal tract. The tectopontine tracts 
project to the cerebellum where visual information is added to 
proprioceptive information to achieve better motor control.
 Let us now resume the journey to the conscious visual 
pathway from the LGN onwards. LGN neurons fan out to 
form the optic radiation which terminates in the visual cortex. 
The primary visual cortex (or Brodmann’s area 17) is in the 
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occipital lobe, and occupies a much larger area on the medial 
surface than the lateral surface. The areas surrounding it (areas 
18 and 19) are the visual association areas. Although the visual 
cortex is a long distance away from the retina, the journey is 
very orderly indeed. Hence there is a clear retinotopic organ-
ization in the LGN as well as visual cortex. Not only is the 
organization retinotopic, the central portions of the retina have 
a much bigger representation in the LGN as well as cortex than 
the peripheral portions. Since the ganglion cell density itself 
is much higher in the central retina, not much rearrangement 
is required in the central pathway to achieve LGN or cortical 
representation in proportion to the importance of the region. 
Detailed knowledge of the retinotopic map at different levels is 
useful for localization of the lesion in patients with visual fi eld 
defects (Fig. 13.5.3).

VISUAL REFLEXES
Only two important refl exes will be discussed here: the light 
refl ex and the accommodation refl ex.

Light Refl ex
The pupil undergoes a change in size refl exly in response to a 
change in illumination. The refl ex is useful in increasing the 
amount of light entering the eye when the illumination is dim, 
which helps dark adaptation (Chapter 13.4). It also makes the 
pupil narrow in bright light, which improves the depth of focus.
 Clinically, the light refl ex is elicited by shining a torch light 
into the eye while the patient is seated in a dark room. The light 
results in a prompt constriction of the pupil. Constriction of the 

pupil of the eye in which the light is shone is called the direct 
light refl ex. The pupil constricts also in the other eye which is 
not directly stimulated by light; this is called the consensual 
light refl ex.
 Both the direct and consensual light refl exes can be under-
stood in light of the pathways involved (Fig. 13.5.4). The col-
laterals from the optic tract to the superior colliculi and pre-
tectal area are given off to both sides from either tract. After 
processing in these midbrain centres, the efferents originate in 

Fig. 13.5.2: Details of projection of optic tract fi bres to the lateral 
geniculate nucleus (LGN). An object in the left visual fi eld conveys its 
presence via the right optic tract by means of fi bres, some of which 
are ipsilateral and some contralateral. The projections to different 
layers of LGN are so arranged that information about an object is 
relayed to neighbouring areas of the LGN irrespective of whether it 
is conveyed by ipsilateral fi bres or contralateral fi bres.

Fig. 13.5.3: Schematic diagram to show how the site of lesion may 
be deduced from the nature of the defect in the fi eld of vision. (1) 
Lesion of the optic nerve: the corresponding eye is blind. (2) Lesion 
of the optic chiasma: there is loss of vision in the temporal half of the 
fi eld of vision in both eyes (bitemporal hemianopia). (3) Lesion of the 
optic tract: there is loss of vision in the contralateral half of the fi eld 
of vision in both eyes (homonymous hemianopia).

Fig. 13.5.4: Pathway for the light refl ex.
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the parasympathetic part of the oculomotor nucleus (Edinger 
Westphal nucleus).
 Preganglionic neurons from the Edinger Westphal nucleus 
project to the ciliary ganglion, from where postganglionic 
fi bres travel to the sphincter pupillae. That is how stimulation 
by bright light results in constriction of the pupil.

Accommodation Refl ex
When we shift our attention from a distant object to a near 
object, there is a refl ex increase in the dioptric power of the 
lens, constriction of the pupil, and convergence of the two 
eyes. The phenomenon is called accommodation refl ex. The 
response has three components, and all three help in better 
appreciation of the near object. But maximum attention has 
been paid to the change in the power of the lens because of the 
fascinating mechanism by which it is accomplished.
 It is easy to understand from the principles of optics that if 
the eye is focussed for a distant object, a near object will form 
a blurred image on the retina. A sharp image of the near object 
requires either a change in the distance between the dioptric 
apparatus and the retina, or a change in the power of the diopt-
ric apparatus. The eye chooses the latter method. The magni-
tude of change required can also be calculated.
 Suppose the distant object is at infinity, the distance 
between the dioptric apparatus and the retina is v, and the focal 
length of the dioptric apparatus is f1 and its power D1.

 Then 
1
∝  + 

1
v  = 

1
f1

 or 
1
v  = 

1
f1

 or 
1
v  = D1

 ...(i)

 Suppose accommodation involves visualising an object at a 
distance of 25 cm (0.25 m) from the eye, and a change in focal 
length to f2, or the dioptric power to D2.

 Then 
1

0.25  + 
1
v  = 

1
f2

 

 Substituting the value of 1/v from (i),

  
1

0.25  + D1 = D2

 or D2 = D1 + 
1

0.25
   = D1 + 4 Dioptres
 Thus, an increase of 4 dioptres is required in the 
convergence power of the eye when the attention is shifted 
from a distant object to an object at a distance of 25 cm. 
Children have a capacity to increase the dioptric power of 
the eye by more than 10 D, but the capacity declines with 
age. That is why presbyopia is universal after the age of about 
40 years.
 Increase in the dioptric power of the lens during accom-
modation is due to a change in the shape of the lens. The lens 
of the accommodated eye is more globular. The lens becomes 
more globular because the lens capsule is elastic. If the capsule 
is allowed to act freely on the lens, the lens becomes globular. 

In the unaccommodated eye, the capsule is not allowed to act 
freely on the lens because it is kept under stretch by the sus-
pensory ligament. During accommodation, contraction of the 
ciliary muscle pulls the ciliary body inwards towards the lens. 
That reduces the stretching effect of the suspensory ligament 
on the capsule of the lens. As a result, the elasticity of the capu-
sle moulds the lens into a globular shape (Fig. 13.5.5). In short, 
active contraction of ciliary muscle leads to a passive change in 
the shape of the lens.
 The change in the shape of the lens during accommo dation 
affects maximally the anterior surface of the lens. This happens 
because the lens capsule is the thinnest in the central part on 
the anterior surface, allowing the lens to bulge outward there 
when the tension on the lens capsule is reduced. The fact may 
be verifi ed by studying Purkinje images, as was fi rst done by 
Helmholtz. If a candle is placed in front of the eye in a dark 
room, up to four images can be observed in the eye due to 
refl ection from different surfaces of the eye. The fi rst image 
is upright, and is due to refl ection from the anterior surface of 
the cornea. The second image is also upright, but is so faint 
that it may not be seen. It is due to refl ection from the posterior 
surface of the cornea. The third image, also upright, is formed 
by refl ection from the anterior surfae of the lens. The fourth 
image is inverted, and is formed by refl ection from the poste-
rior surface of the lens. Everything else remaining the same, if 
the Purkinje images are observed before and after accommoda-
tion, it is observed that as a result of accommodation, maxi-
mum change in size and position takes place in the third image. 
This is because accommodation principally invovles forward 
movement and increase in convexity of the anterior surface of 
the lens.
 The neural pathways responsible for the accommo dation 
refl ex involve the cerebral cortex. This is so because the deci-
sion to focus on a near object is a conscious decision. The 

Fig. 13.5.5: Schematic diagram showing how contraction of ciliary 
muscles reduces the tension in suspensory ligaments thereby making 
the lens more convex.
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efferent fi bres arise in the oculomotor nerve nucleus and supply 
the ciliary muscle, sphincter pupillae muscle and medial rectus 
muscle. Contraction of the three sets of muscles is responsible 
for the three components of the accommodation refl ex.

Argyll Robertson Pupil
In neurological lesions around the cerebral aqueduct at the 
level of the superior colliculi, the fi bres mediating light refl ex 
are damaged. Such lesions may be seen in neurosyphilis, but 
are rare now because syphilis can be treated effectively at an 
early stage these days. However, if such a lesion is present, 
light refl ex is absent. Since accommodation refl ex involves the 
cortex rather than superior colliculi, accommodation refl ex is 
still present. This condition in which light refl ex is absent but 
accommodation refl ex is present is called Argyll Robertson 
Pupil. In this condition, the pupil constricts in response to 
accommodation but not in response to light.

EYE MOVEMENTS
Each eyeball has six muscles of the voluntary variety attached 
to it on the outer surface. These muscles, called extraocu-
lar muslces, can move the eyes in different directions. 
The muscles, their innervation and actions have been given 
in Table 13.5.1. The major types of eye movements are as 
follows:

Conjugate Movements
If the head is kept fi xed, and the fi xation point moved, the eyes 
move to follow the fi xation point. If the fi xation point moves 
towards the left of the subject, the left eye moves laterally 
(abduction) while the right eye moves medially (adduction). 
In short, both eyes move leftwards. Such movements are called 
conjugate movements.

Vergence Movements
These are of two types: convergence and divergence. As dis-
cussed earlier, accommodation is accompanied by a conver-
gence movement. Conversely, if the attention is shifted from 
a nearby object to a distant object, the eyes show a divergence 
movement.

Saccades
These are small, jerky eye movements associated with close 
examination of a reasonably large object. Since the whole 
object cannot form an image on the fovea all at once, the eyes 
move apparently randomly to obtain images of different parts 
of the object on the fovea for short periods of time. There is, 
however, a method in the madness with which the eyes seem 
to move while scanning an object. The portions of the object 
which are of crucial importance receive attention more fre-
quently than the rest of the object. For example, while scanning 
a face, the gaze is fi xed on the eyes and mouth more often than 
on the rest of the face because the eyes and mouth are more 
important for recognition.
 A special category of saccades is observed during reading. 
The eyes move in small jerky steps along the line being read 

till the end of the line. Then the eyes return to the beginning of 
the next line in one big step. You can observe these movements 
in the eyes of your friend while he reads. A seasoned reader, 
while reading an easy book, shows rather smooth and rapid 
saccades. If the person is not accustomed to reading much, or 
if the text is diffi cult, the movements are slow, more jerky, and 
eyes frequently go back to a part of the line which has already 
been examined. This reduces the speed of reading. One of the 
things taught in speed-reading courses is to train the eyes to 
read with smooth rapid movements. Acquiring this habit is a 
training for extraocular muscles as well as the mind. The mus-
cles should learn to avoid unnecessary movements, as is true 
for training of any group of skeletal muscles. In addition, the 
mind should learn to concentrate so that there is no need to go 
back to the same words repeatedly.

Pursuit Movements
These are eye movements aimed at following a moving object. 
If the object is moving reasonably slowly, the eyes move 
smoothly because they are able to keep pace with the object. 
If the object is moving fast, eye movements are a mixture of 
smooth movements and saccades. For fast moving objects, 
refl ex movements of the neck may be added to the eye move-
ments for successful pursuit.
 Conversely, if the object of attention is fixed but the 
observer is moving, the eyes move to keep the object fi xated. 
These eye movements may also be considered a category of 
pursuit movements.
 A person travelling in a fast moving train cannot keep up 
the pursuit for long by any means. His eyes, therefore show 
an alternating pattern of pursuit movements followed by a sac-
cade. This type of alternation is called nystagmus, and this 
particular type of nystagmus is called optokinetic nystagmus. 
The pursuit movement follows an object, and the saccade 
returns the eye to a comfortable position where it fi xates on a 
new object. Then begins the pursuit of the new object till it is 
beyond reach, and so on. Clinically, optokinetic nystagmus is 
elicited by moving a striped pattern near the subject. Analysis 
of the optokinetic nystagmus is useful in the diagnosis of brain-
stem, vestibular, cerebellar and cortical lesions, which can all 
give rise to different types of abnormalities. For more complete 
investigation of these lesions, it is important to elicit also ves-

Table 13.5.1: Extraocular muscles

Muscle Innervation Action
 (Cranial nerve)

Medial rectus III Adduction
Lateral rectus VI Abduction
Superior rectus  III Upward movement
  with adduction and intorsion
Inferior rectus III Downward movement
  with adduction and extorsion
Superior oblique IV Intorsion, abduction
  and downward movement
Inferior oblique III Extorsion, abduction 
  and upward movement
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tibular nystagmus, the details of which have been discussed in 
Chapter 13.11.

Control of Eye Movements
The nuclei of third, fourth and sixth cranial nerves, which 
supply the extraocular muscles, are subject to multiple infl u-
ences. First, they are under the control of pontine and mid-
brain reticular formation, which are the coordi nating cen-
tres for pursuit movements and saccades dis cus sed above. 
Secondly, they are under the influence of cerebellar and 

vestibular efferents which mediate eye movements associ-
ated with cerebellar and vestibular refl exes. Thirdly, they are 
under the infl uences of superior colliculi, pretectal area, and 
secondary visual cortex (areas 17, 18 and 19), which con-
trol refl ex eye movements in response to visual stimuli. And 
fi nally, they are controlled by the frontal eye fi eld which is con-
cerned primarily with voluntary eye movements. That is how 
we are able to keep pace with visual as well as a variety of 
non-visual information through voluntary as well as refl ex eye 
movements.
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13.6
Beyond the Eye

Seeing involves processes far beyond the eye. Neural proc-
esses which result in visual perception are complex, and our 
understanding about them is far from complete.
 Our concepts about the central processing of the visual 
signal are based on the electrical activity of cells at different 
levels of the visual pathway in response to a variety of visual 
stimuli. The following account is a highly simplifi ed version of 
what we know about the central mechanisms of vision.
 The signal generated in the retina is processed by three 
types of ganglion cells. Leaving out the W cells which project 
to the superior colliculi and are concerned with visual refl exes, 
we still have parallel processing in two types of ganglion cells, 
X and Y. Further, within each of these types, there are on-
centre and off-centre type of cells exhibiting centre-surround 
antagonism. The message, considerably analysed in terms of 
its location, intensity, contrast, colour and detail, is transmitted 
to the lateral geniculate nucleus (LGN).

LATERAL GENICULATE NUCLEUS
The type of processing carried out in LGN may be assessed 
from the receptive fi eld (RF) of LGN cells. LGN cells also 
show on-centre and off-centre type of responses with centre-
surround antagonism. However, that does not necessarily mean 
that LGN is merely a relay centre. The parallel processing 
initiated in the retina is continued in the LGN. Most of the X 
ganglion cells relay in layers 3-6 of LGN which constitute the 
small cell (parvocellular) part of LGN. On the other hand, Y 
cells relay in layers 1 and 2, which constitute the large celled 
(magnocellular) part of LGN. Thus the distinctive identity as 
well as features of the X and Y cell pathways are maintained 
in LGN. Further, the X and Y cell pathways get organized into 
distinct layers in the LGN. This may allow selective modula-
tion of either of these pathways. The modulation may be car-
ried out by the efferent fi bres that project from the primary 
visual cortex to the LGN. In fact, the number of fi bres project-
ing to the LGN from the primary visual cortex is more than the 
fi bres projecting from the retinal ganglion cells to the LGN.
 Thus LGN may provide the station where selective con-
trol of visual information is exerted. The cortical projection to 
LGN may determine which visual stimuli will be allowed to 
travel to consciousness and which suppressed.

PRIMARY VISUAL CORTEX

Lateral geniculate cells project via the optic radiation to the 
primary visual cortex (area 17) in the occipital lobe. Area 17 
has an unusually thick layer IV because of the large input from 
LGN (Fig. 12.6.4). The thick layer IV gives the primary visual 
cortex a striate appearance.
 Layer IV is further subdivided into layers a, b and c. Most 
of the LGN neurons project to stellate cells in layer IVc. The 
separation of the X and Y cell pathways is maintained also in 
the cortex. The X cell pathway termi nates in layer IVc-beta, 
while the Y cell pathway termi nates in layer IVc-alpha.
 The RF of stellate cells of layer IVc also show on-cen-
tre and off-centre features with centre surround antagonism. 
However, stellate cells project to layers above and below IVc. 
Neurons in layers above and below IVc show a change in the 
confi guration of RF. These cells were studied with remarkable 
thoroughness by Hubel and Wiesel. They classifi ed the cells in 
area 17 above and below layer IV c into simple cells and com-
plex cells.

Simple Cells
The receptive fields of simple cells retain centre-surround 
antagonism but are larger than those of stellate cells. Further, 
the RF of simple cells are rectangular rather than circular in 
appearance. Finally, the RF of simple cells show remarkable 
sensitivity to the axis of orientation. For example, one simple 
cell may respond only to a vertically oriented light bar, another 
only to a horizontally oriented one, and yet another to a stim-
ulus inclined at some other specifi c angle. Hubel and Wiesel 
have proposed that the RF of a simple cell represents an inte-
gration of the receptive fi elds of the stellate cells which project 
to it (Fig. 13.6.1).

Complex Cells
The receptive fi elds of complex cells are even larger than those 
of simple cells. The axis of orientation is important but there is 
no centre-surround antagonism. The excitatory and inhibitory 
zones of the RF are not well-defi ned. For some complex cells, 
movement of the stimulus is important for eliciting change in 
activity. Hubel and Wiesel have proposed that since a number 
of simple cells converge on a single complex cell, the RF of a 
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complex cell represents an integration of the receptive fi elds of 
the simple cells which project to it (Fig. 13.6.2).

Organization into Columns
The visual cortex is organized into columns. Each column has 
cells with the same axis of orientation grouped together. The 
axis of orientation shifts in small steps in an orderly fashion 
from one column to the next. Thus a group of adjacent col-
umns together scan a small region of the visual fi eld in terms 
of the linear axis of the stimulus. These columns are called 
orientation columns. A group of orientation columns receiving 
information from the ipsilateral eye alternate with those receiv-
ing information from the contralateral eye. These alternating 
columns are called ocular dominance columns. By putting 
together information from corresponding regions of both reti-
nas, ocular dominance columns possibly aid perception of 
depth. The regular and systematic orientation and dominance 
columns are interrupted by peg-shaped regions which are con-
cerned with colour vision (Fig. 13.6.3).

 A whole set of columns sensitive to information from both 
eyes about lines of all orientations from a particular region of 
the visual fi eld has been called a hypercolumn. Hypercolumn 
may be considered a functional unit for abstracting visual 
information. Hypercolumns represen ting adjacent areas of the 
visual fi eld repeat themselves giving the cortex a crystalline 
structure.

SECONDARY VISUAL CORTEX
The primary visual cortex projects to area 18 and from there to 
other areas 19, 20, 21 and 7. These secondary, or higher order 
visual areas, have several representations of the retina—some 
complete, and others partial. There are four representations of 
the retina in area 18 alone. Multiple representations possibly 
mean that each area is devoted to appreciation of a different 
stimulus attribute.
 The simplest cells in area 18 have been termed hypercom-
plex, because stimulus requirements for changing their activity 

Fig. 13.6.1: The receptive fi eld (RF) of simple cortical cells. 1, 2, 3: stellate cells projecting on a simple cortical cell (4), and the corresponding 
RFs. Observe how three on-centre stellate cells with circular RFs which project on a simple cortical cell may be responsible for the rectangular 
on-centre RF of the simple cortical cell. A-D: four different orientations of a bright bar of light which may be presented within the RF of the 
simple cortical cell. Although the length of the bar and its brightness are the same in all cases, the response of the cortical cell is minimum 
in case of A and maximum in case of D. The directional sensitivity of the simple cortical cell can be understood in terms of its RF (4). +, 
areas of RF where a light stimulus is excitatory; –, areas of RF where a light stimulus is inhibitory.

Fig. 13.6.2: The receptive fi eld (RF) of complex cortical cells. 1, 2, 3: simple cortical cells projecting on a complex cortical cell (4) and the 
corresponding RFs. Observe how three on-centre simple cortical cells with rectangular RFs which project on a complex cortical cell may 
be responsible for the complex RF of the complex cortical cell . +, areas of RF where a light stimulus is excitatory; –, areas of RF where a 
light stimulus is inhibitory.
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are much more complex than for the complex cells of primary 
visual cortex. Hubel and Wiesel have suggested that this is the 
result of a few complex cells projecting to a single hypercom-
plex cell.

VISUAL PERCEPTION
Visual perception seems to involve two basic processes; con-
vergence and parallel processing.

Convergence and Divergence
The number of rods and cones is much more than the number 
of ganglion cells. The LGN cells are about double the number 
of ganglion cells. Simple cortical cells are more than the com-
plex cells and complex cells more than the hypercomplex cells. 
What this overall convergence implies is that each cell at the 
lower level gathers information from a small bit of the visual 
fi eld. As we proceed higher, each cell is in-charge of a wider 
area. Finally, at the highest level, each cell surveys a large area 
of the visual fi eld and abstracts information from it. The situ-
ation is similar to an organization where workers at the lower 
level are concerned with details of every minor issue, whereas 
the manager takes an overview of the work of a large number 
of workers.
 The stimulus requirements for visual cells at different 
levels suggest that retinal ganglion cells and LGN cells detect 
brightness and contrast, cortical simple and complex cells 
delineate linear orientation, whereas hypercomplex cells are 
sensitive to edges and corners. Each of these levels represents 
an improvement in the precision with which an object can be 
identifi ed. Since the input from any visual stimulus is handled 
succes sively at all these levels, by the time it has reached the 
highest levels its shape is accurately outlined.

Parallel Processing
From the retina through the visual cortex, visual information 
travels along two parallel pathways, X and Y. The Y path-
way surveys large fi elds whereas the X pathway examines in 
detail small bits of the visual fi eld at a time. The Y pathway 
possibly enables us to form a rough sketch whereas the X 

pathway fi lls in the details. Y pathway also seems to be impor-
tant for attracting attention to a stimulus and for detecting 
movement.

Perception of Different Attributes
A visual stimulus has several attributes such as form, colour, 
movement and depth. Multiple representations of the retina in 
the visual cortex suggest that each representation is concerned 
with one attribute. Principles of convergence and parallel 
processing provide an insight into the perception of form and 
movement. The perception of depth and colour are discussed in 
some detail below.

Perception of Depth
The two eyes perceive the position of a given object somewhat 
differently. The degree of disparity differs with the distance of 
the object. This may be easily verifi ed by observing the sur-
roundings alternately with the left and the right eye. The brain 
puts together the information from the two eyes, examines 
the degree of disparity between the images formed by the two 
eyes, and from that estimates depth or distance. This is spoken 
of as binocular stereoscopic vision. The anatomical basis for 
binocular vision lies in the ocular dominance columns and the 
neuronal connections between the left and the right primary 
visual cortex through the corpus callosum.
 However, we have a good idea of depth even when we use 
only one eye. Hence there must be mechanisms other than bin-
ocular vision for perception of depth. One of these is assess-
ment based on perceived size of familiar objects. For example, 
we can judge how far a person is from us on the basis of how 
big he looks. The second mechanism which does not need both 
eyes is the relative movement of the image of an object when 
we move the head. If we move the head, objects close to us 
seem to move much more than objects far away from us. This 
is a mechanism you can verify just now.

Perception of Colour
Analysis of the visual stimulus in terms of colour begins in the 
retina with three different types of cones which are maximally 
sensitive to wavelengths corresponding to blue, green and red 
(Chapter 13.4). However, this results in an ambiguous signal 
because the same degree of excitation of a cone population 
may be achieved by a weak stimulus of an optimum colour, 
or a strong stimulus of a different colour. Some improvement 
results from the presence of colour sensitive ganglion cells and 
LGN cells. These cells have been called single opponent cells, 
and are of the red/green or blue/yellow variety (Fig. 13.4.11). 
Further precision is achieved in the primary visual cortex, 
where we have double opponent cells (Fig. 13.4.12). Double 
opponent cells are thought to result from the convergence of 
single opponent LGN cells.
 The colour sensitive LGN cells project to the primary 
visual cortex (area 17) forming peg-shaped regions (Fig. 13. 
6.3). These cortical cells, in turn, project to area 18.
 How the change in activity of colour-sensitive cells is con-
verted into perception of colour is not well under stood. But it 
is generally believed that colour is processed independent of 
form, thus providing one more channel in parallel processing.

Fig. 13.6.3: Columnar organization of the visual cortex. The short dark 
lines indicate the axis of orientation of each column. Details in text.
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CORTICAL BLINDNESS

Visual perception is a poorly understood process. What we 
have discussed above are only the response char acteristics of 
cells constituting the neural pathway of vision. We assume that 
change in the activity of the cortical cells somehow results in 
perception. We further assume that once the message reaches 
the primary visual cortex, some awareness of the stimulus is 
achieved. But complete perception, which includes identifi ca-
tion of the object seen, and the physical or emotional reaction 
to the act of seeing, needs spread of the message to areas 18, 
19, 20, 21 and perhaps many more association areas. The basis 
of these assumptions are partly the classical observations of 
Penfi eld, who stimulated different areas of the brain in neu-
rosurgical patients. Stimulation of points in the occipital lobe 
(area 17 or 18) evoked visual images such as stars, streak or 
fl ashes of various colours. But never was an elaborate visual 
experience evoked from these areas. However, stimulation of 
points in the temporal lobe (areas 19, 20 and 21) gave in at 
least one patient the image of a living room with lots of people 
in it, one of whom was her mother. The patient called it a dream 
because she knew she was actually in an operation theatre. 
Penfi eld postulated that the association areas in the temporal 

lobes may be involved in interpreting the stimulus or storing it 
in memory. It seems they are involved in both.
 More clues to the role of the cerebral cortex in visual per-
ception have come from patients with cortical blindness, or 
agnosia. There are patients with normal eyes who can ‘see’ an 
object but cannot name it or use it properly. They may see but 
fail to recognize their husband or wife, or even their own face 
in the mirror. Or, they may see a chalk, hold it, but not know 
what to do with it. For example, they may start ‘smoking’ the 
chalk instead of writing with it. These patients have lesions in 
the association areas. Further, there are patients who can see 
and identify objects, but cannot name their colours although 
they can see colour. These patients have lesions in speech 
areas, or in the connections between visual association areas 
and speech areas. Some patients may have a selective defect in 
perceiving movement of the objects seen. These patients have 
a lesion at the junction of occipital and temporal cortex. All 
such patients with different forms of cortical blindness indicate 
the role of widespread areas of the cortex in visual perception. 
Further, they also provide evidence for independent parallel 
processing of different attributes of the stimulus because some 
patients have impaired perception of only one aspect such as 
colour or movement.
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13.7
The Sense of Hearing: 

External and Middle Ear

The organ of hearing is the ear, but hearing is neither the only 
nor its primary function. A far more important function of the 
ear is maintenance of balance. The ear has evolved from organs 
which could detect only changes in spatial orientation, which 
in turn helped the organism in maintaining balance. Even in 
highly evolved animals like man, balance is a far more impor-
tant function for survival than hearing. A world without sound 
may be very dull, uninteresting and even miserable, but is still 
compatible with a fairly meaningful survival. For a person 
who loses his sense of equilibrium, it is more diffi cult to move 
about in bright sunlight than it is for a normal person in total 
darkness. The part of the ear which we can see is only a small 
and rather unimportant part of the ear, and is called the external 
ear. There are two more parts of the ear: the middle and the 
inner ear. The external ear conveys the sound waves along the 
ear canal to the ear drum. The middle ear is bounded on one 
side by the ear drum and communicates with the inner ear at 
the other end. The middle ear is a box-like structure contain-
ing three small bones which are the tiniest bones in the body. 
These bones are interconnected to form a lever system which 
conveys the vibrations of the sound from the external ear to the 
inner ear. The inner ear is safely enclosed within the skull and 
contains the receptors for detection of sound. These receptors 
detect sound, and transduct this mechanical stimulus into an 
electrical stimulus, which, in turn, is conveyed by the auditory 
nerve to the brain, where it is perceived as sound.

THE NATURE AND MEASUREMENT OF SOUND
This section is a recapitulation of what you have learnt ear-
lier at school. Sound consists of longitudinal waves of alter-
nate compression and rarefaction. Areas of compression have 
a higher pressure and higher density of air molecules than 
areas of rarefaction. The waveform propagates itself for long 
distances because of the infl uence which areas of compression 
or rarefaction have on neighbouring areas. Thus it is only the 
waveform that is transmitted, not the air molecules. The veloc-
ity of sound depends on the medium through which it is trans-
mitted; in air, it is about 340 m/sec. The loudness of a sound 
is related to the amplitude of pressure waves, and the pitch to 
their frequency.

 Amplitude is measured in units of pressure, e.g. newtons/
sq m. But what is physiologically more relevant is power, i.e. 
(amplitude)2. The faintest whisper that the ear can hear is much 
weaker than the loudest sounds that the ear can tolerate without 
getting damaged. Therefore, if the entire range of intensity of 
audible sound were to be expressed directly, we would be deal-
ing with very inconvenient fi gures. Hence we use a logarithmic 
scale to measure the intensity of sound. A logarithmic scale, as 
you know is a highly condensed scale.
 The logarithm of 1 is 0, and log 1012 is 12. Therefore the 
range from 1-1012 gets condensed to 0-12 on the logarithmic 
scale. The logarithmic scale used for measuring the intensity of 
sound is a ratio.
 Intensity of sound =

log 
pressure amplitude of sound waves being measured (p)

pressure amplitude of threshold sound waves (po)
 But since power is physiologically more relevant than 
pressure,

 Intensity of sound (in bels) = log 
p2

(po)
2

  = log (p/po)
2

  = 2 log 
p
po

 Bel, the unit of measurement of sound, is named after 
Alexander Graham Bell, the inventor of the telephone, but, for 
some curious reason, is spelt with only a single ‘l’.
 Bel is too large a unit. Hence a unit, one-tenth as high, 
called the decibel (dB), is more commonly used.

 Intensity of sound in (dB) = 10 × 2 log 
p
po

  = 20 log 
p
po When p = po,

 Intensity of sound = 20 × log 1
  = 20 × 0
  = 0 dB
 For the loudest sound which the ear can tolerate without 
damage,
  p = 106 po
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 Intensity of sound  = 20 log 
106 po

po

   = 20 log 106

   = 20 × 6
   = 120 dB
 Thus the range of human hearing extends from 0-120 dB. 
The intensity of some familiar sounds is given in Figure 13.7.1 
to help you form a mental picture of what a sound of 40 dB 
or 80 dB means. Besides intensity, the other important charac-
teristic of sound is frequency, which is the major determinant 
of pitch. Pitch is expressed in cycles per sec, or Hertz (Hz), 
named after an eminent German physicist of the nineteenth 
century. The human ear can detect sounds between 20 and 
20,000 Hz. But most of the common sounds fall between only 
200 and 4,500 Hz.

STRUCTURE AND FUNCTION OF THE 
EXTERNAL EAR

The visible part of the external ear, or the pinna, is a small 
appendage on our face. It is commonly thought to collect the 
sound waves and funnel them into the ear canal (Fig. 13.7.2). 
But at least in human beings, where the pinna is rather small, 
it is unlikely that this function is signifi cant. Experiments have 
been conducted in which the various depressions of the exter-
nal ear have been fi lled with a plasticine like material to oblit-
erate them. It has been found that doing so makes no differ-
ence to the effi ciency of hearing. Even in animals with large 
pinnae a far more important function of these structures is to 
help in the localization of sound. By moving the ears, such ani-
mals can accentuate the difference in the intensity of the sound 
reaching the two ears, and thereby localize sound more accu-
rately. Since human beings cannot move their ears, they cannot 
use the pinnae very effi ciently for this purpose. For accentuat-
ing the difference in the intensity of sound reaching the two 
ears, they turn the whole head instead of turning just the ears. 
The ear canal which conveys the sound to the ear drum is a 
rather tortuous canal. It is lined with skin which secretes wax 
from ceruminous glands, and oil from the sebaceous glands. 
The wax and oils help in keeping the ear canal clear by trap-
ping cellular debris and dust particles. The ear canal is about 
2.3 cm long in an adult, and is open at one end but closed at 
the other. If it were a straight and rigid tube, it would resonate 
at a frequency which corresponds to a wavelength four times 
its length, i.e. 9.2 cm. A wave length of 9.2 cm in air, where 
the velocity of sound is 34000 cm/sec, corresponds to a fre-
quency of 34000/9.2 Hz, i.e. 3696 Hz. But since the ear canal 
is not straight but tortuous, the resonance frequency is not so 
sharply defi ned. In the ear canal, peak resonance is seen at a 
frequency of 2000-5000 Hz which, incidentally, cor responds to 
the range which we hear most commonly, and also to the range 
in which the ear is most sensitive. Since resonance in the ear 
canal boosts sounds of the frequency range 2000-5000 Hz by 
about 15 dB, the characteristic length of the ear canal may be 
considered to contribute to the enhanced sensitivity of the ear 
in this frequency range.

Fig. 13.7.1: Intensity of a few familiar sounds, and the intensity of 
sound which evokes discomfort or pain in the ear.

Fig. 13.7.2: The external, middle and inner ear. ET, eustachian tube.

 The ear drum, or tympanum, or tympanic membrane is a 
partition, concave towards the outside, which separates the 
external ear from the middle ear cavity. It is thin and trans-
lucent, and is lined by skin on one side, and the middle ear 
mucous membrane on the other side. As a result of sounds con-
veyed by the ear canal, the tympanic membrane is thrown into 
tiny vibrations. How sensitive the ear is to minute movement 
of the ear drum may be imagined from the fact that threshold 
sounds produce in it a movement of only 10–8 mm.

STRUCTURE AND FUNCTION OF
THE MIDDLE EAR

The middle ear cavity is located between the external and the 
inner ear (Fig. 13.7.2). It contains three interconnected bones 
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named on the basis of their shapes: malleus (hammer), incus 
(anvil) and stapes (stirrup)1. These bones provide a mechanical 
link between the eardrum and the oval window of the inner ear. 
The middle ear also has two minute muscles, tensor tympani 
and stapedius. Tensor tympani is supplied by the trigeminal 
(fi fth cranial) nerve. Stapedius, the smallest muscle in the body, 
is supplied by the seventh cranial (facial) nerve. The middle ear 
cavity is connected to the pharynx by the eustachian tube.
 The major function of the middle ear is to transmit the dis-
turbance caused by movements of the tympanic membrane to 
the inner ear. However, it is more than simple transmission. 
The external and middle ear contain air, whereas the inner ear 
contains fl uids. Fluids offer much greater impedance (which 
is comparable to resistance) to sound than air. The middle ear 
amplifi es the pressure of the sound waves which it transmits, so 
that the inner ear can be stimulated in spite of its higher imped-
ance. That is why the middle ear is said to match the imped-
ance of the external ear to that of the inner ear.
 Now let us see how the middle ear magnifi es the pressure 
of the sound stimulus. This is achieved by three mechanisms. 
The major mechanism is that the area of the tympanic mem-
brane is about 20 times the area of the footplate of stapes. 
Since force = pressure × area, when a sound impinging on the 
tympanic membrane with a given force is transmitted to the 
stapes, its pressure is much higher at the stapes. And, the abil-
ity of the stimulus to move the cochlear fl uid depends on the 
pressure rather than force. This fact may be visualized from 
a simple analogy. A person lying down on sand does not sink 
as deep as when standing on sand. This is so because although 
the force is the same in both cases, while standing the force is 
exerted over a much smaller area, and hence the pressure is 
much higher. While the difference in the area of the tympanic 
membrane and that of the footplate of stapes amplifi es the pres-
sure, two minor mechanisms amplify the force itself. Since the 
area of the footplate of stapes is constant, increase in force also 
increases the pressure. One of these minor mechanisms is the 
lever action of the ossicles. Since the malleus is longer than 
the incus, the incus is displaced less than the malleus but with 
a greater force. The lever action provides amplifi cation by a 
factor of 1.3 in human beings. The other device for amplifi ca-
tion is the curved membrane mechanism. The tympanic mem-
brane is rigidly fi xed near its rim. But it is not tightly stretched. 
Therefore, it hangs loosely somewhat like a tent. Hence sound 
produces less displacement at the centre than in the surround-
ing areas. The displacement at the centre being less, the force 
with which the malleus moves is correspondingly greater. 
The curved membrane mechanism amplifi es the force of the 
impinging sound two-fold in the cat but its quantitative con-
tribution in man is not known. Since the major mechanism for 
impedance matching is change of pressure level of the sound 
signal, which is analogous to change of voltage of an electrical 
signal, the middle ear is also said to function as a transformer.
 Besides impedance matching, the middle ear also has some 
other functions. The tensor tympani and stapedius muscles 
possibly play a role in protecting the ear from the damaging 

effects of very loud sounds, and in protecting our mind from 
the disturbing effects of our own voice. Stimulation of the ear 
by intense sounds produces contraction of the stapedius and 
tensor tympani muscles; this is known as the acoustic refl ex. 
Stapedius pulls the stapes medially while the tensor tympani 
pulls the malleus anteromedially. The overall effect of the 
actions of these muscles is to press the ossicles against one 
another, thereby increasing the rigidity of the ossicular lever 
system. That makes the system more stable while at the same 
time reducing the effi ciency with which the sound signal would 
be transmitted to the inner ear. In human beings, acoustic refl ex 
is absent in diseases affecting the stapedius muscle but not 
when disease affl icts the tensor tympani. This suggests that 
only contraction of the stapedius is of functional importance in 
the human acoustic refl ex. The protective effect of the acoustic 
refl ex is itself doubtful. The refl ex is too slow to be useful in 
protecting the ear from damage due to loud sounds. Further, 
the ear is rarely exposed to sounds loud enough to evoke the 
refl ex. A more likely benefi t of the refl ex is attenuation of inter-
nal sounds. Acoustic refl ex attenuates low frequency sounds 
the best, and most of the internal sounds have low frequencies. 
Attenuation of internal sounds would reduce their masking 
effect, thereby improving the sensitivity of the ear to external 
sounds which need to be heard.
 At this juncture, it is pertinent to introduce the eustachian 
tube which joins the middle ear to the nasopharynx. This tube 
is about 4 cm long, and its diameter is three times larger at its 
middle ear opening than at its nasopharyngeal opening. In fact, 
the nasopharyngeal end of the tube is normally closed, and 
opens only during swallowing, yawning, sneezing or shouting. 
The opening up of the tube particularly during swallowing2 
serves to keep the middle ear pressure equal to the pressure 
in the nasopharynx, which in turn is equal to the atmospheric 
pressure. The pressure in the external ear is also, quite obvi-
ously, equal to the atmospheric pressure. Thus the eustachian 
tube keeps the pressure on the two sides of the tympanic mem-
brane equal. This is important to prevent the tympanic mem-
brane from bulging on either side. Bulging would impair its 
function, and bulging beyond a certain limit could damage 
the tympanic membrane. Another function of the eustachian 
tube is to prevent any fl uid from collecting in the middle ear. 
It drains the fl uid into the nasopharynx. If this drainage mech-
anism was absent, any fl uid collecting as a result of infl am-
mation or extravasation would tear through the tympanic 
membrane.

1 Anvil is the platform on which an ironsmith beats the iron. Stirrup is the characteristic piece of iron on which a horse rider rests his foot.
2 Swallowing is not as infrequent an act as it seems. Saliva is continually produced in the mouth, and swallowed.

Every Coin has Two Sides

The eustachian tube is not an unmixed blessing. In an upper 
respiratory infection, it may convey the infection from the 
nasopharynx to the middle ear. While conveying the infec-
tion, the tube itself also gets infl amed, which produces in it 
swelling and consequent blockage. That makes the drainage 
function of the eustachian tube impossible, leading to bulg-
ing, and sometimes rupture of the tympanic membrane.
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QUESTIONS AND PROBLEMS

1. Why are lemon drops generally served on aeroplanes just 
before take off?

2. Why does pain in the ear often follow sore throat?
3. Why does this happen more frequently in children?

ANSWERS AND SOLUTIONS
1. Lemon drops increase salivary secretion, thereby increas-

ing the frequency of swallows. Every swallow is associated 
with opening of the eustachian tube, providing an oppor-
tunity for equalizing the pressure on the two sides of the 
tympanic membrane. These opportunities come in handy 

during take off because at high altitudes there is a fall in 
atmospheric pressure. If the eustachian tube is closed, the 
pressure in the middle ear would continue to be what it 
was at ground level. That would make the ear drum bulge 
with the convexity towards the external ear. Frequent 
swallows prevent discomfort and damage to the ear by 
equalizing the pressure to the same level as in the external 
atmosphere.

2. The infection causing a sore throat may travel along the eus-
tachian tube to the middle ear. Infection produces infl am-
mation, and infl ammation is associated with pain.

3. Pain in the ear following a sore throat is more common 
in children because their eustachian tube is shorter, less 
curved, and relatively wider than that of adults.
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13.8
Structure and Function

of the Inner Ear

With over a million essential moving parts, the auditory 
receptor organ, or cochlea, is the most complex mecha nical 
apparatus in the human body.

—Hudspeth (1985)
 The inner ear, or labyrinth, consists of two parts: one con-
cerned with equilibrium, the vestibule; and another concerned 
with hearing, the cochlea. The delicate neural structures con-
stituting the vestibule and cochlea are called the membranous 
labyrinth. The membranous labyrinth is encased in a closely 
fi tting bony shell called the bony labyrinth. The membranous 
labyrinth is separated from the bony labyrinth by a fl uid known 
as the perilymph.
 The cochlea is lodged in the hardest bone of the body, the 
temporal bone. The bony shell of the cochlea resembles a snail 
and consists of two and a half turns. The cochlea is a tubular 
structure coiled in the same manner as its bony shell. The coch-
lear tube is divided along its length into three compartments: 
scala vestibuli, scala media (or cochlear duct) and scala tym-
pani (Figs 13.7.2 and 13.8.1). Scala media is an independent 
compartment throughout the length of the cochlea. But scala 
vestibuli and scala tympani communicate with each other at 
the apex of the cochlea through an opening known as the heli-
cotrema. Scala media is separated from the scala vestibuli by 
the Reissner’s membrane and from the scala tympani by the 
basilar membrane. Scala vestibuli and scala tympani contain 
a fl uid known as the perilymph, which resembles the extracel-
lular fl uid elsewhere in having a high sodium and low potas-
sium concentration. As noted earlier, perilymph is also present 
between the bony and membranous labyrinth. Perilymph 
appears to be a fi ltrate formed under capillary pressure. Scala 
media or the cochlear duct contains another fl uid known as the 
endolymph, which has a high potassium and low sodium con-
centration. The origin of endolymph is not fully understood. 
But stria vascularis, a highly vascular structure along the outer 
side of the cochlear duct, seems to play an important role in 
maintaining the high potassium concentration of endolymph.
 The sensory cells responsible for hearing are located on 
the basilar membrane within a structure known as the organ of 
Corti. The organ of Corti is partitioned by two rows of pecu-
liar shaped cells known as pillar cells. The pillar cells enclose 
the tunnel of Corti. Outside the tunnel, on its outer side are 
three rows of outer hair cells (OHC), and on its inner side is 

Fig. 13.8.1: Schematic representation of a cross-section of the 
cochlea showing its three major compartments.

Small is Beautiful

Not many scientists would choose to work on cochlear 
fl uids. The amount of fl uid available for investigations is 
extremely small; the total volume of perilymph in man is 
78.3 cu mm and that of endolymph is 2.76 cu mm. That is 
why the information given in even the most recent books is 
based on very few studies, some of them a quarter century 
old. Any exploration of physiology of the ear involves work-
ing with very small structures and is a challenge for future 
generations of scientists. 

a single row of inner hair cells (IHC). Interspersed between 
hair cells are also some supporting cells. The hair cells and 
supporting cells are connected to one another at their apices 
by tight junctions forming a surface known as the reticular 
lamina. The hair of the hair cells seem to project out of the 
reticular lamina. Overlying the hair is an acellular fl ap called 
the tectorial membrane. The tectorial membrane consists of 
fi brils embedded in a gelatinous matrix. The fl uid in the space 
between the tectorial membrane and reticular lamina is endol-
ymph. Thus endolymph bathes the stereocilia of hair cells. But 
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the body of the hair cells, which lies below the reticular lamina, 
is bathed by perilymph. Hence there is a potential difference 
between the upper and lower surfaces of reticular lamina. The 
importance of this difference in tranduction will be discussed 
later.

ULTRASTRUCTURE OF HAIR CELLS
It is customary to highlight the structural differences between 
OHC and IHC, but the similarities far outweigh the differ-
ences. But OHC and IHC are equipped with stereocilia, fur-
nished with actin fi laments, and carryout transduction of sound 
stimuli to electrical signals. In terms of details, OHC are test 
tube shaped while IHC are fl ask shaped. The apex of both bears 
the fi brous cuticular plate from which project neatly arranged 
stereo cilia. Stereocilia are not true cilia in that they lack the 
typical ‘nine plus two’ core of microtubules. The OHC have 
three rows of stereocilia arranged like a W. The three rows of 
cilia are neatly graded in length. The tips of the tallest cilia are 
attached to the underside of the tectorial membrane. The IHC 
have three or more rows of stereocilia arranged linearly. There 
is no evidence that any of the IHC cilia are attached to the tec-
torial membrane (Fig. 13.8.2).
 Stereocilia of both OHC and IHC contain densely packed 
actin fi laments with cross bridges formed by the protein, fi m-
brin. Rows of cilia on a hair cell are linked laterally. The tips 
of short cilia are attached to the sides of adjacent long cilia 
by structures bearing the vividly descriptive name, tip-to-side 
links (Fig. 13.8.3). Just below the plasma membrane, the hair 
cells have a network of fl attened sacs, or cisternae. At least the 
OHC have actin fi laments also in the cytoplasm. The points 
at which roots of cilia are inserted into the cuticular plate also 
bear the protein, tropomyosin. The cuticular plate itself con-
tains actin, myosin and fi mbrin. You might have observed the 
similarity between the structure of hair cells and muscle cells. 
Isolated OHC do contract if electric fi elds, ATP and calcium, 
or acetyl-choline are applied, further confi rming the similarity 
from a functional point of view. How far the contractile activ-
ity of hair cells affects and regulates the sensitivity of the ear is 
a subject for further research.

INNERVATION OF THE COCHLEA
The signals generated in hair cells are transmitted to the cen-
tral nervous system by afferent nerve fi bres. The afferent nerve 
fi bres arising from the IHC are far more than from the OHC. 
This is in spite of the fact that there is only one row of IHC 
while there are three rows of OHC. This is so because each 
IHC gives rise to about twenty afferent fi bres while about ten 
OHC give rise to only one afferent fi bre.
 Besides afferent nerve fi bres, the hair cells are also inner-
vated by efferent fi bres which originate in the superior olivary 
complex and travel to the cochlea in the olivocochlear bundle. 
The efferent innervation also differs for OHC and IHC, and 
may be further differentiated on the basis of neurotransmitters 
released. But the functional signifi cance of these histochemical 
differences is still not understood.

Fig. 13.8.2: Ultrastructure of auditory receptors, the outer and inner 
hair cells.

Fig. 13.8.3: Scanning electron microscopic view of the stereocilia 
seen from the top. Observe the tip-to-side links indicated by the arrows
(Reproduced with permission, from Scott-Brown’s Otolaryngology, 
Volume 1, 5th edition, 1987, Fig. 2.14, p. 68. Courtesy: Butterworth-
Heinemann, Surrey, U.K.).

FUNCTION OF THE INNER EAR
In the last chapter, we left middle ear function at the point 
where the sound stimulus results in movement of the stapes. 
The footplate of the stapes is adjacent to the oval window of 
the inner ear. The stapes footplate moves in and out like a 
piston in response to sound stimuli. Since the footplate is adja-
cent to the oval window of the inner ear, its movements pro-
duce pressure variations in coch lear fl uids. These variations 
result in movements of the basilar membrane (BM). Since the 
organ of Corti rests on the BM, movements of the BM result 
in movements of hair cells. Hair cell movement displaces 
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their stereo cilia, which in turn, enhances or depresses hair cell 
excitability.
 Altered excitability of hair cells is conveyed by afferent 
nerve fi bres to the central nervous system (Fig. 13.8.4). In 
short, the inner ear transducts a vibratory stimulus into a form 
suitable for the central nervous system. But the inner ear is 
more than a transducer. It also performs a preliminary analysis 
of the sound stimulus in terms of its frequency and amplitude 
characteristics. The BM plays an important role in this analy-
sis, specially the frequency analysis. We shall fi rst examine this 
role of the BM in some detail before going into the hair cell 
function.

Basilar Membrane Function
If we look at the entire length of the BM, we observe a graded 
change in its physical characteristics as we proceed from the 
base (near the stapes) to the apex (near the helicotrema). The 
differences between the two ends of the BM may be summa-
rised as follows:
 Base   Apex
 Narrow  Wide
 Thick   Thin
 Stiff   Relatively fl accid
 Try to form a mental picture of a series of coupled resona-
tors with the above gradation. Even if you are not very familiar 
with musical instruments, you would be able to imagine that 
high frequency pressure oscillations would make the base of 
the BM vibrate most strongly while low frequencies would 
affect the apical regions most strongly. A series of observa-
tions have confi rmed these theoretical predictions. High fre-
quency sounds make the BM oscillate mainly near the base 
of the cochlea. On the other hand, low frequency sounds trig-
ger oscillations in the BM which extend right upto the apical 

region, where the oscillations are also the maximum. The fact 
that a specifi c region of the BM responds maximally to a spe-
cifi c stimulus frequency is spoken of as tuning of the BM. The 
pattern of vibration of the BM is also worth noticing. Every 
stimulus, irrespective of its frequency, triggers wave form 
motion at the base. The amplitude of movement increases till 
the wave reaches the spot on the BM which is best tuned for 
the frequency of the stimulus. After that, the vibratory wave 
dies down rather abruptly. The pattern for a few frequencies 
has been shown in Figure 13.8.5. It would be observed that 
each stimulus affects maximally a specifi c region, and to some 
extent also the regions tuned for frequencies higher than that of 
the stimulus. Thus low frequency sounds affect a much longer 
length of the BM than high frequency sounds. The vibratory 
wave affecting the BM is also called a travelling wave. A series 
of travelling waves in response to a stimulus form an envelope 
as shown in Figure 13.8.6.
 BM vibrations were fi rst observed by Bekesy in human 
cadavers and a few animal species using optical stroboscopic 
methods. His experiments were particularly successful in dem-
onstrating the strong vibration of the apical regions of the basi-
lar membrane with low frequency sounds. But the sharpness 
of tuning of the BM observed by Bekesy was insuffi cient to 
explain the extent to which the human ear can actually discrim-
inate frequencies. Successive use of more refi ned techniques 
has provided evidence for sharper tuning of the BM. Direct 
evidence of BM tuning, comparable in sharpness to the tuning 
of auditory nerve fi bres, has come only recently. In the recent 
studies, the sound level (in dB) required to give a constant BM 
displacement has been determined for sounds of varying fre-
quencies. If the results are plotted graphically, the sound level 

Fig. 13.8.4: Schematic diagram showing how movements of the 
basilar membrane result in displacement of stereocilia of the hair cells. 
In the lower diagram, the dotted lines indicate the initial position of the 
basilar membrane (corresponding to its position in the upper diagram). Fig. 13.8.5: Relative amplitude of displacement and pattern of 

vibration of the basilar membrane in response to sound stimuli of 
different frequencies.
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should remember that Bekesy performed his experiments on 
cadavers. This raises the question why there should be a dif-
ference between the results obtained with a dead and a living 
cochlea. The obvious answer to this question is that some 
active, energy consuming, biological mecha nism improves the 
frequency-analysing capabilities inherent in the architecture of 
the BM. There are several candidates for this active mecha-
nism, and the last word on its identity is yet to be said. But 
the most probable site of the active mechanism are the outer 
hair cells (OHC), and may involve changes in the stiffness of 
stereocilia or the length of OHC. These suggestions have been 
prompted by the presence of contractile proteins in OHC. The 
olivocochlear efferent nerve fi bres, which innervate principally 
the OHC, may also play a role in sharpening the frequency 
response of BM. Stimulation of olivochochlear efferents has 
been shown to produce a decrease in afferent fi bre response to 
tones close to (but not equal to) their characteristic frequency 
(CF), thereby sharpening the contrast between responses to the 
CF and those to neighbouring frequencies. Intracellular recor-
dings from IHC of guinea pig cochlea give as sharply tuned 
responses as the auditory nerve fi bres. This observation sug-
gests that any improvement in cochlear tuning over and above 
the BM tuning involves only hair cells. No further neural inter-
action need be invoked for the purpose.

Hair Cell Function
It was mentioned earlier that BM movement moves the hair 
cells, which displaces the stereocilia, which in turn generates 
an electrical signal in the hair cells. This is no longer just a 
conjecture. It is possible to culture hair cells in an organ cul-
ture medium. Stereocilia of these cultured hair cells are not 
shielded by the tectorial membrane. Experiments have been 
performed in which the stereo cilia of such cultured cells 
have been displaced with the tip of a fi ne glass probe, and 
the electrical responses of hair cells recorded simultaneously. 
Displacement of the stereocilia in cultured mouse cochlea 
gives an electrical response similar to that recorded in vivo
from IHC in response to tones close to their characteristic 
frequency.
 It is tempting to enquire how displacement of stereocilia 
evokes an electrical response in hair cells. Our explanation 
should also explain why this response is direction-specifi c. 
Movement in one direction produces hypopolarization, move-
ment in the opposite direction produces hyperpolarization, 
and movement perpendi cular to these directions produces no 
response. Other relevant observations are that the strongest 
electrical response is generated at the tip of the hair bundle, and 
that the electrical response develops extremely rapidly (within 
microseconds of the application of stimulus). A model which 
explains all these observations has been proposed by Hudspeth 
(Fig. 13.8.8). According to this model, there are a few regu-
lated ionic gates at the tip of each stereocilium. In the resting 
position, each gate swings back and forth between its closed 
and open positions as a result of random molecular motion. It 
has been estimated that each gate is open about 20 percent of 
the time. The duration for which a gate is open can be infl u-
enced by the position of a transduction linkage which connects 
a stereocilium to its neighbouring stereocilium. Displacement 

Fig. 13.8.6: A series of travelling waves in the basilar membrane 
form an envelope. The pattern depicted in the fi gure is in response 
to a sound stimulus of about 400 Hz.

Fig. 13.8.7: Threshold sound intensity required to give a certain 
constant displacement of the basilar membrane (continuous line) 
and to elicit a response in the auditory nerve fi bres originating from 
that area of the basement membrane. (Based on Wilson JP. Br Med 
Bull 1987;43:821-37).

required shows a marked decline at the frequency to which the 
spot on BM being studied is most sensitive (Fig. 13.8.7).
 The concept provided by Bekesy that high frequency 
sounds produce maximum vibration at the base, and low fre-
quency sounds produce maximum vibration at the apex of 
the BM is still valid. In fact, newer experiments have shown 
that the BM is capable of far better frequency discrimination 
than Bekesy attributed to it. The difference between Bekesy’s 
results and more recent results may be because of two reasons. 
First, sharply tuned responses of the cochlea are seen only with 
low intensity sounds. Bekesy, because of the insensitivity of 
his techniques, had to use very intense sounds. Second, only 
a healthy, living cochlea shows sharply tuned responses. One 
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demons trated that the tip the each stereocilium is linked to the 
fl ank of the adjacent longer stereocilium by a fi ne fi lament, the 
tip-to-side link (Fig. 13.8.3). Although it has not been proven, 
it is tempting to assume that the linking fi lament is the ana-
tomical counterpart of the transduction linkage in Hudspeth’s 
model.
 Once we accept Hudspeth’s model at least tentatively, it 
is reasonable to ask how each hair cell is tuned to sound fre-
quencies more fi nely than the point on the BM on which it is 
located. It could be because of a fi ne gradation in the mecha-
nism of opening and closing of ionic gates in hair cells located 
at different points along the basement membrane. This ‘expla-
nation’ invites the question how the opening and closing of 
gates is graded, for which we have no answer. Thus, as we go 
deeper into any question, we ultimately reach a point at which 
we have to confess our ignorance.
 In the model of mechanoelectric transduction described 
above, the ions that move have not been identified. It is 
believed that open ionic channels are reasonably large and non-
selective, so that sodium, potassium and calcium ions can pass 
through them with equal ease. But the ions that actually pass 
would depend on the electrochemical gradient. The apical sur-
face of hair cells is surrounded by the endolymph in the scala 
media, which displays an electrical potential of +80 mV with 
respect to the perilymph. This positive potential is due to the 
large concentration of potassium ions in the endolymph. The 
interior of the hair cells is negative with respect to the peri-
lymph, the resting level being –45 mV in case of inner hair 
cells, and –70 mV in case of outer hair cells. Thus the interior 
of the cells is strongly negative with respect to the endolymph. 
Hence the opening of the ionic channels results in an infl ux of 
potassium ions from the endolymph into the cells, for which 
there is a marked electrical gradient. Entry of potassium ions 
hypopolarizes the hair cells. Cyclic changes in ionic perme-
ability result in cyclic hypopolarization. Therefore the fre-
quency of hypopolarization refl ects the frequency of the sound 
stimulus. Further, the hypopolarization is graded, being pro-
portional in magnitude to the strength of the stimulus, and is 
nonpropagated. Therefore it has all the char acteristics of the 
receptor potential. These remarks apply mainly to the IHC, 
which provide most of the afferent input in the auditory nerve. 
Direct electrical recording from the OHC is more diffi cult, 
but it seems these cells contribute to the electrical response 
which had been recorded long before intracellular record-
ing from hair cells was possible. If an electrode is placed in 
any cochlear compartment, or even near the cochlea, electri-
cal potentials can be recorded in response to acoustic stimuli. 
These responses follow the wave form of the stimulus, and are 
known as cochlear microphonics. That cochlear microphon-
ics arise mainly in the OHC is suggested by the observation 
that the antibiotic kanamycin, which destroys OHC selec-
tively, reduces the cochlear micro phonic response markedly. 
However, some observations cast doubt on whether cochlear 
microphonics really are a refl ection of the receptor potentials. 
For instance, direct intracellular recordings from IHC and 
OHC in response to high frequency stimuli reveal only steady 
voltage changes. Further, cochlear microphonics have practi-
cally no latency, no refractory period, and do not show fatigue. 

George Von Bekesy

After auditory physiology had been almost static for about 
a century, it was George Von Bekesy who gave it a good 
push. Bekesy was born in Budapest in 1899. He earned his 
doctorate in physics in 1923, i.e. soon after the First World 
War. As a result of the War, there were very few places in 
Hungary which still had some scientifi c instruments left. One 
such place was the research laboratory of the Hungarian 
Post Offi ce, which Bekesy joined. There he started working 
on problems of long distance telephone transmission. But 
these problems could not exhaust all of Bekesy’s energy and 
genius. Therefore, he simultaneously started working also 
on physiology of the ear. During his extensive adventures, 
he worked with a wide range of experimental material. His 
preliminary experiments consisted of observing the pattern 
of vibration in materials like threads, chains, springs and 
membranes when these were touched with the stem of a 
vibrating tuning fork. He worked with the tiny and fragile 
guinea pig cochlea, as well as with the not-too-big human 
cochlea which he retrieved from autopsy material painstak-
ingly collected from hospitals. Although best known for his 
work on the mechanics of the basilar membrane, he also 
investigated the endocochlear potential and cochlear micro-
phonics. His scientifi c career culminated in the award of the 
Nobel Prize for Physiology or Medicine in 1961. During his 
Nobel lecture he said, “Nothing has been more rewarding 
than to concentrate on the little discrepancies that I love 
to investigate and see them slowly disappear”. This seminal 
sentence, apparently casually spoken, carries the essence of 
what research is all about.

Fig. 13.8.8: Hudspeth’s model for mechanoelectrical transduction 
by hair cells. In this diagrammatic illustration, only two adjacent 
stereocilia are shown, together with their tip-to-side link (L).
A. Resting position, in which part of the time is spent with the ionic 

gates open, and part with the gates closed.
B. Stereocilia bent in such a way that the fraction of the time spent 

with the ionic gates open increases, resulting in depolarization.
C. Stereocilia bent in a direction opposite to that in B. Now the fraction 

of time spent with the ionic gates open decreases, resulting in 
hyperpolarization.

of the stereocilium in a specifi c direction keeps the channels 
open for a longer time, leading to depolarization. Displacement 
in the opposite direction keeps the channels open for a shorter 
time, leading to hyperpolarization. Electron microscopy has 
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All these features point against a neuronal origin of cochlear 
microphonics. Thus, in spite of so many advances, we are still 
not sure about the nature of a phenomenon fi rst observed in 
1930.
 Information about the activity of hair cells is conveyed 
to the auditory nerve fi bres innervating these cells. When the 
hypopolarization of a hair cell reaches a threshold value, it 
leads to an increase in the frequency of impulses in the audi-
tory nerve fi bres innervating it. A neuro transmitter (possibly 
glutamate) is thought to be involved in transmitting the mes-
sage from the hair cell to the nerve fi bres. Auditory nerve 
fi bres show a fi nite resting discharge, which makes it possible 
to carry information about hypopolarization as well as hyper-
polarization of hair cells. Hypopolarization tends to increase 
the frequency of discharge while hyperpolarization tends to 
decrease it.

 To summarize, the inner ear analyzes the sound stimulus 
as well as transducts it into an electrical signal. The analysis 
is in terms of frequency and intensity. The frequency of the 
sound stimulus determines the area on the BM that vibrates 
the most, which in turn determines the specifi c hair cells that 
would be affected the most. Frequency remaining the same, 
if the intensity of the sound stimulus is increased, the point of 
maximum vibration of the BM remains the same, but neigh-
bouring regions of the BM get involved in the vibration to a 
greater extent. The greater the vibration of a particular point 
on the BM, greater is the depolarization of hair cells situated at 
that point on the BM. More the depolarization of the hair cells, 
higher is the frequency of discharge of auditory nerve fi bres 
arising from these hair cells. That is how the inner ear sends 
information to the central nervous system in a reasonably well 
analysed form.
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13.9
Beyond the Ear

The ear is a wonderful and compact organ which can receive, 
transduct and analyse an acoustic stimulus. But unless the elec-
trical impulses that it generates in the auditory nerve are con-
ducted to the central nervous system, it would be impossible 
to hear anything. Further, it is not enough to hear; we often 
need to listen rather than just hear. Listening means that we 
understand what we hear, and react to what we hear. Listening 
needs involvement of even higher faculties of the central nerv-
ous system than hearing. The role of central nervous system in 
auditory function is generally studied in terms of the auditory 
pathways, and the contribution of each station in the pathway 
from the cochlea to the cortex. We do not understand the role 
of each level distinctly, partly because the contributions of dif-
ferent parts are inter dependent. But trying to understand the 
role of each level is more convenient than taking a global view 
of the auditory function. Therefore the conventional and con-
venient system of studying the function in steps will be fol-
lowed here also, but we should keep in mind that the approach 
is arbitrary and imperfect.
 There exists a fairly distinct chain of neurons from the hair 
cells of the cochlea to the cerebral cortex. The path taken by 
this chain is the ascending auditory pathway. The fact that the 
path exists does not, however, mean that the whole of it is actu-
ally used everytime we receive a sound stimulus. The stimulus 
may merely evoke a refl ex response involving only the brain 
stem. There exists also a descending auditory pathway through 
which the central nervous system can infl uence ear function.

ASCENDING AUDITORY PATHWAY
The auditory nerve fi bres innervating the hair cells have their 
cell bodies located in the spiral ganglion. The axons of these 
neurons relay in the dorsal and ventral cochlear nuclei of the 
medulla oblongata. The fi bres originating in the ventral coch-
lear nucleus project to the olivary comple xes, both ipsilateral 
and contralateral. Thus each olivary complex receives inputs 
from both ears. Hence there is, in each olivary complex, an 
opportunity for comparing the stimuli affecting the two ears. 
The fi bres originating in the dorsal cochlear nucleus project to 
the contralateral nucleus of the lateral lemniscus. The olivary 
complexes also project to the nuclei of the lateral lemniscus. 
From the nuclei of the lateral lemniscus, the auditory tract 

relays to the inferior colliculus, medial geniculate body of the 
thala mus, and fi nally the auditory cortex. The primary auditory 
cortex is located in Broadmann’s areas 41 and 42 in the supe-
rior temporal gyrus. Surrounding the primary auditory cortex 
are auditory association areas, which receive inputs from the 
primary auditory cortex as well as the thalamus. As seen in 
Figure 13.9.1, infor mation from either ear is projected to the 
auditory cortex on both sides but the projection is heavier on 
the contra lateral side. The main auditory pathway described 
above gives collaterals along its route by which it interacts 
with pathways conveying other sensory inputs to the brain.

FUNCTIONAL CORRELATES OF 
THE AUDITORY PATHWAY

The pathway as described above is based largely on anatomi-
cal studies. If we study the electrophysiological activity along 
the anatomical pathway, and we fi nd a change in the activity in 
response to an acoustic stimulus, it lends support to the exist-
ence of the pathway. Secondly, the relationship between the 
characteristics of the acoustic stimulus and the neural response 
gives an insight into the processing of the stimulus at different 
levels of the pathway. We shall see below the salient features of 
the electrophysiological correlates of the acoustic stimulus at 
different levels of the ascending auditory pathway.

AUDITORY NERVE
Each auditory nerve fi bre innervates one or more hair cells at 
a specifi c place on the basilar membrane. Since the place of 
maximum vibration on the basilar membrane is related to the 
frequency of the acoustic stimulus, each auditory nerve fi bre 
gets maximally stimulated by a particular frequency. In other 
words, the threshold stimulus for an auditory nerve fi bre varies 
with the frequency of the stimulus. The graphic representa-
tion of the relationship between the threshold stimulus and the 
frequency of the stimulus for a given auditory nerve fi bre is 
called the tuning curve of the fi bre (Fig. 13.9.2). As seen in 
the fi gure, the threshold is minimal for a specifi c frequency: 
this frequency is known as the characteristic frequency (CF) 
of the nerve fi bre. The threshold rises sharply as the frequency 
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increases above the CF. But at frequencies below the CF, the 
threshold does not rise so steeply. Can you explain why1?
 Besides frequency, there is also coding of intensity of the 
acoustic stimulus in the auditory nerve fi bres. The intensity is 
coded by the following mechanisms:
i. as the intensity of acoustic stimulus increases, the fre-

quency of impulses in the auditory nerve fi bre(s) stimulated 
increases (Fig. 13.9.3).

ii. as the intensity of the acoustic stimulus increases, additional 
auditory nerve fi bres are stimulated. Recruitment of addi-
tional nerve fi bres is brought about by two mechanisms:

 a. as the intensity of the stimulus increases, not only the 
nerve fi bre with a CF matching that of the stimulus but 
also nerve fi bres with neighbouring CF are stimulated 
(Fig. 13.9.4A).

 b. different auditory nerve fi bres with the same CF also 
have different threshold. Hence an increase in the 

Fig. 13.9.1: The ascending auditory pathways. Only the major 
pathways are shown. The collaterals to cerebellum and ascending 
reticular activating system are not shown. OHC, outer hair cells; 
IHC, inner hair cells; SG, spiral ganglion; AN, auditory nerve; DCN, 
dorsal cochlear nucleus; VCN, ventral cochlear nucleus; OC, olivary 
complex; LL, nucleus of lateral lemniscus; IC, inferior colliculus; MGB, 
medial geniculate body; TL, temporal lobe.

1 If you consider any point on the basilar membrane, it vibrates maximally in response to a particular frequency, considerably in response to almost all 
frequencies below it, but not much in response to frequencies even moderately above it (Fig. 13.8.5). This fact is refl ected also in the tuning curves of 
auditory nerve fi bres (Fig. 13.9.2).

Fig. 13.9.2: The tuning curve of an auditory nerve fibre. CF, 
characteristic frequency. Note that the threshold does not rise as 
steeply for frequencies below CF as for frequencies above it. If 
you cannot think of the reason for the shape of the curve, read the 
explanation in the text.

Fig. 13.9.3: Diagrammatic representation of one mechanism for 
coding of intensity in auditory nerve fi bres. For a sound of a given 
frequency, as the intensity of the stimulus increases, the frequency of 
nerve fi bre discharge increases. A. Weak stimulus. B. Strong stimulus. 
Note that the frequency of fi ring in the auditory nerve fi bre is higher 
than in A. Also note that there is a resting nerve discharge even in 
the absence of the stimulus. This provides scope for inhibition in 
addition to excitation. As seen in the fi gure, a temporary inhibition of 
resting discharge is seen immediately after the end of the stimulus.
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intensity of the stimulus brings about recruit ment of 
additional fi bres having a CF equal to the frequency of 
the stimulus (Fig. 13.9.4B).

Cochlear Nuclei
The orderly gradation of sensitivity to the frequency of sound 
seen in the cochlea continues throughout the auditory pathway.
 Neurons sensitive to high frequencies are located in one 
area, neurons sensitive to low frequencies are located in 
another area, and neurons sensitive to intermediate frequencies 
are located between them in a proper order. This orderly organ-
isation is called tonotopic organization. Thus neurons in the 
cochlear nuclei also have chara cteristic frequencies. The tuning 
curves of neurons of the cochlear nuclei are as sharp as, but not 
sharper than, those of the auditory nerve fi bres. In fact, tuning 
curves nowhere in the auditory pathway are sharper than those 
in the auditory nerve fi bres.
 One feature which distinguishes auditory pathway 
responses from those of the auditory nerve fi bres is that the 
auditory neurons of the central nervous system do not neces-
sarily respond to an acoustic stimulus by simple excitation. At 
levels as low as the cochlear nuclei, there are some neurons 
which respond only to the onset of a stimulus, some which 
respond after a long latency, and some in which the excitatory 
response decays at an exponential rate or builds up slowly. 
Along with the functional diversity of cochlear nuclei neurons, 
there is also a great deal of anatomical diversity among them. 
But it is not certain whether there is an exact corres pondence 
between morphological cell types and functional responses.

Superior Olivary Complex
Superior olivary complex is the lowest level in the auditory 
pathway which receives input from both ears on either side. 
Hence olivary neurons are in a position to compare the input 
to the two ears, which is an exercise important for localiza-
tion of a sound. The comparison seems to be accomplished by 
two types of neurons. One type of neurons, found in the medial 
superior olive, are sensitive to interaural time difference (ITD). 
Sensitivity to ITD is achieved by neurons which respond only 
when both ears are stimulated, and the maximal response is 
seen only with a characteristic ITD. Such neurons are called 
binaural cells. The other type of neurons, found in the lateral 
superior olive, are sensitive to interaural intensity difference 
(IID). Sensitivity to IID is achieved by neurons which respond 
to an ipsilateral auditory input by excitation, and to a contralat-
eral input by inhibition (or the other way round). Such neurons 
are called EI (excitatory-inhibitory) cells. Obviously, there 
will be no change in the activity of these neurons if an acous-
tic stimulus reaches both ears with equal intensity because the 
excitation produced by the input to one side wound be neu-
tralized by the inhibition produced by input to the other side 
(Fig. 13.9.5).

Nucleus of the Lateral Lemniscus, Inferior 
Colliculus and Medial Geniculate Body
The neurons in these relay stations behave in a manner similar 
to those in the superior olivary complex. Both ITD-sensitive 
and IID-sensitive neurons are found, and their output may be 
excitatory or inhibitory.

Fig. 13.9.4: Coding of intensity of stimulus in auditory nerve fi bres by recruitment of additional fi bres.
A. Auditory nerve fi bres 1 and 2 have different characteristic frequencies (CF). Let the frequency of the acoustic stimulus be F, which is the 

CF of fi bre 1. Then, if intensity < P, only fi bre 1 will be stimulated. But if intensity > P, fi bre 2 will also be stimulated. The cross- hatched 
area defi nes the stimulus characteristics which would result in stimulation of both fi bres 1 and 2.

B. Auditory nerve fi bres 3 and 4 have the same CF, i.e. N. Let the frequency of the acoustic stimulus be N. Then, if intensity < Q, only 
fi bre 4 will be stimulated. But if intensity > Q, fi bre 3 will also be stimulated. Note that 4 is a more sensitive fi bre than 3. Any stimulus 
which activates fi bre 3 will also activate fi bre 4. But a stimulus which activates fi bre 4 will activate fi bre 3 only if its intensity exceeds that 
represented by the cross-hatched area.
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Auditory Cortex

The unique feature of cortical neuronal response to acoustic 
stimuli is the brief duration of response. The response is seen at 
the onset and at the termination of the stimulus but is not sus-
tained throughout the stimulus. Other features, viz. tonotopic 
organization, and sensitivity to IID and ITD are seen also in the 
auditory cortex.
 The electrical responses of cortical neurons suggest their 
special contribution in perception of a change in stimulus 
characteristics, and it is true that points of change are more 
important for interpreting a stimulus. Secondly, lack of sus-
tained response to a prolonged stimulus correlates well with 
the observation that a monotonous stimulus may be ignored. 
In fact, ignoring a persistent sound, such as background noise, 
is necessary for proper adaptation to the environment. Animal 
studies in which auditory cortex has been selectively ablated, 
and human studies on patients with temporal lobe damage sug-
gest that the most important functions of the cortex in hear-
ing are localization of sound and discrimination based on the 
sequence of sounds in a composite stimulus.

PLASTICITY OF PATHWAYS
Electrophysiological studies demonstrate multiplicity of path-
ways and fl exibility in their use. Changes in neuronal activity 
can be picked up in response to auditory stimuli from parts of 
the brain not mentioned above, e.g. the caudate. On the other 
hand, repeated stimulation with monotonous clicks leads to 
extinction of electrical response even in parts of the classical 
pathway. It appears that the pathway used depends upon the 
following factors:
i. Importance of the stimulus: An important stimulus trav-

els right upto the cortex and leads to a conscious auditory 

experience and perhaps a conscious behavioural response. 
An unimportant stimulus involves only lower levels of the 
pathway, does not reach consciousness, and may evoke only 
a refl ex response.

ii. Nature of the stimulus: If the stimulus has been going on 
for some time monotonously, it involves progressively less 
of the pathway. Introduction of novelty in the stimulus can 
remove this extinction.

iii. Other stimuli: Other simultaneous inputs into the central 
nervous system infl uence the way it responds to auditory 
stimuli.

 The fl exibility of response in accordance with these factors 
is controlled to a large extent by the descending pathways.

DESCENDING PATHWAYS
It is now well-known that sensory organs not only send infor-
mation about their state of stimulation to the central nervous 
system but also receive messages from the central nervous 
system which infl uence their sensitivity to stimuli. Messages 
from the central nervous system are conveyed by pathways 
which ‘descend’ to the sensory organs.
 The descending pathway of the auditory system parallels 
the ascending pathways (Fig. 13.9.6). The auditory cortex 
sends fi bres to the medial geniculate body and inferior col-
liculi, and also to superior colliculi and cerebellum which do 
not fi gure prominently in the ascending pathway. The inferior 
colliculus projects to the cochlear nuclei as well as the olivary 
complex. The olivocochlear bundle, which descends from the 
olive to the cochlea, is the best known descending tract of the 
auditory system. Olivocochlear bundle has both crossed and 
uncrossed fi bres; the crossed fi bres are about four times as 
many as the uncrossed fi bres.

Fig. 13.9.5: Some of the neurons sensitive to interaural intensity difference (IID) respond to an ipsilateral stimulus by excitation, and to a 
contralateral stimulus by inhibition.
A. If a stimulus affects both ears with equal intensity, there is no resultant change in the activity of the neuron.
B. If the stimulus affects the two ears with unequal intensity, there is a change in the activity of the neuron, and hence a message will be 

sent along the auditory pathway. Note that in the example shown in the picture, the ipsilateral stimulus is stronger (louder) than the 
contralateral stimulus. If the cotralateral stimulus is stronger than the ipsilateral stimulus, there would be a net decrease in the activity of 
the neuron. Thus, an increase or decrease in the activity of the neuron would signal different messages regarding the direction of origin 
of the sound.

 IPSI, response to ipsilateral stimulus; CONTRA, response to contralateral stimulus; NET, net change in activity of the neuron; STIM, 
duration of the stimulus.

13.9.indd   64813.9.indd   648 8/25/2010   11:34:54 AM8/25/2010   11:34:54 AM



C
H

A
PT

ER
 1

3
.9

: Beyo
n
d
 th

e Ear

649

cochlea. Further, they also interact with a lot of other traf-
fi c in the central nervous system through lateral connections 
(Fig. 13.9.8). To complicate matters further, there is consid-
erable interaction between different sensory modalities. For 
example, the projection from auditory cortex to superior col-
liculi possibly means an interaction with visual stimuli, and the 
projection from the auditory cortex to the cerebellum possibly 
means an interaction with the vestibular stimuli. No wonder, 
the fate of a sound stimulus is so uncertain even when the ears 
are normal. Normal ears do not ensure hearing, and hearing 
does not guarantee listening.

PERCEPTION OF DIFFERENT 
CHARACTERISTICS OF SOUND

Frequency

As seen earlier, dissection of sound stimuli in terms of fre-
quency takes place as early as the basilar membrane. A slight 
sharpening of the frequency analysis may occur at the hair cells. 
The tuning curves of relay neurons are no sharper than those 

Fig. 13.9.6: The descending auditory pathway. The fi bres to the 
cerebellum are not shown. MGB, medial geniculate body; SC, 
superior colliculus; IC, inferior colliculus; OC, olivary complex; OCB, 
olivo-cochlear bundle; C, cochlea.

Fig. 13.9.7: Diagrammatic representation of efferent nerve endings 
on hair cells. The arrangement suggests that efferent nerve endings 
(E) infl uence the outer hair cells (OHC) before the hair cell sends 
impulses via the afferent nerve fi bres (A) across the synapse (S). i.e. 
presynaptically. In case of inner hair cells (IHC), E affects the hair 
cell after it has sent a message across S to A, i.e. postsynaptically.

 The efferent fi bres end on the hair cells of the cochlea 
somewhat differently for the outer hair cells (OHC) and the 
inner hair cells (IHC) (Fig. 13.9.7). As seen in the fi gure, the 
arrangement suggests that efferent fi bres affect the OHC presy-
naptically while they infl uence the IHC postsynaptically.
 The interaction between the ascending and descending 
pathways is not restricted to the hair cells. They infl uence each 
other’s activity at all the stations between the cortex and the 

Fig. 13.9.8: The interaction between the ascending and the 
descending auditory pathway extends throughout the two pathways. 
The descending pathway has been shown by dotted lines, and its 
connections with the ascending pathway by heavy black lines. An 
acoustic stimulus may result in a refl ex, a conscious behavioural 
response or arousal. The responses involve interaction with other 
sensory inputs, from among which only the visual input has been 
shown. HC, hair cell; AN, auditory nerve; CN, cochlear nucleus; SOC, 
superior olivary complex; LL, nucleus of lateral lemniscus; IC, inferior 
colliculus; SC, superior colliculus; MGB, medial geniculate body; NS, 
nonspecifi c nuclei of thalamus; PR, primary auditory cortex; ASSOC, 
association auditory cortex; CC, cerebral cortex. 1, short loop pathway 
for a refl ex; 2, long loop pathway.
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of auditory nerve fi bres. But each cortical neuron responds to 
only a narrow range of frequencies. This sharpening is thought 
to occur along the auditory pathway by the process of lateral 
inhibition (Fig. 13.9.9). There are several tonotopic maps in the 
auditory cortex. In each map, neurons at one end respond only 
to low frequencies, while at the other end they respond only 
to high frequencies, with a continuous gradation in between. 
Perhaps only one of these maps is actually involved in con-
scious perception of frequencies. The other maps may be pri-
marily involved in perception of other features, such as inten-
sity or direction.

Intensity
Coding for intensity begins at the receptor level. Since the 
outer hair cells (OHC) are farther away from the hinge-point 
of the basilar membrane as compared to inner hair cells (IHC), 
the OHC are stimulated even by weaker stimuli. The lower 
threshold of stimulation of OHC is further achieved by some 
of the cilia of OHC being embedded in the tectorial membrane, 
and the fact that the convergent neuron: hair cell ratio of 1:10 
allows spatial summation in case of OHC. In the auditory 
nerve fi bres, as in other sense organs, the frequency of nerve 
impulses is related to the intensity of the stimulus. Not much 
is known about the contribution of various stations in the audi-
tory pathway to perception of intensity. But in the auditory 
cortex, neurons maximally sensitive to a specifi c intensity have 
been described (Fig. 13.9.10), and these possibly are involved 
in perception of intensity of sound, or the loudness.

Direction
The direction from which a sound is coming is judged from 
the difference in the time at which the sound arrives at the two 

ears, and the difference in the intensity of the sound at the two 
ears (Fig. 13.9.11). Although neurons sensitive to interaural 
time difference (ITD) and inter-aural intensity difference (IID) 
are present in the superior olivary nucleus, auditory cortex is 
essential for perception of direction of sound. It is believed 
that depending on the magnitude of ITD and IID, different sets 
of neurons are activated in the superior olivary nucleus. The 
specifi c spatial orientation of the neurons stimulated is main-
tained all the way upto the auditory cortex. The area of the 
auditory cortex stimulated for discrimination of direction is 
different from that stimulated for perception of the existence of 
the sound. The cortical area for discrimination of direction also 
has a tonotopic organization. That is how, as mentioned earlier, 
there are several tonotopic maps in the auditory cortex.

Pattern
Pattern of a sound means the sequence in which different com-
ponents of the sound appear. Recognition of the pattern of a 
sound is entirely a cortical function. Animals whose auditory 
cortex has been removed lose the ability to recognize the pat-
tern of a sound completely although they can still detect sounds 
and react to them in a crude manner.

INTERPRETATION OF SPEECH
Interpretation of speech or any other meaningful stimulus is 
a complex phenomenon. To consider it a simple combination 
of the perception of frequency, intensity and pattern would be 
rather naive. Observations on patients suggest that in man per-
ception of speech is possible even if only the primary auditory 
cortex is intact. But understanding the meaning of the spoken 
word needs also the association areas of auditory cortex. For 
meaning ful listening, besides the mechanisms of perception, 
possibly mechanisms for inhibition of ‘unwanted’ acoustic 
stimuli are also important. The descen d ing auditory pathways 
seem to play an important role in this inhibition.

QUESTIONS AND PROBLEMS
1. Compare and contrast the visual and auditory pathways.

Fig. 13.9.9: Lateral inhibition. The fi bres carrying the dominant part of 
the message inhibit neighbouring pathways by means of collaterals. 
That enhances the contrast with other similar signals, and thereby 
makes the message more prominent.

Fig. 13.9.10: Intensity-sensitive neurons of the auditory cortex. 
(Based on Moore DR, Br Med Bull 1987; 43:856-870).
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ANSWERS AND SOLUTIONS

Fig. 13.9.11: Localization of sound.
A. A sound coming from the midline (X) reaches both the left ear (L) 

and right ear (R) at the same time, and with the same intensity. 
Therefore inter-aural time difference (ITD) and inter-aural intensity 
difference (IID) are zero. But for a sound from the left hand side 
(Y), YR > YL. Therefore it reaches the left ear before reaching 
the right ear, and stimulates the left ear with greater intensity. 
Neuronal mechanisms sensitive to ITD and IID presumably help 
localize the sound as coming from the left.

B. If the sound is only slightly to the left of the midline (Z), ITD and 
IID will be very small. Therefore it may be diffi cult or confusing to 
localize the sound.

C. In order to localize a sound which is only slightly off the midline, 
we often turn our head. Now ZR’ > ZL’, and hence ITD and IID will 
be quite large. Therefore the central nervous system will easily 
perceive the sound as coming from the left. Animals who have 
mobile pinnae achieve the same end by moving these. Since 
man cannot move the external ear, better localization of sounds 
is achieved by turning the head which bears the external ears.

Fig. 13.9.12: Comparison of the visual and auditory pathways. Note 
that the retina is indeed an extension of the brain. REC, receptor; BC, 
bipolar cell; GC, ganglion cell; ON, optic nerve; SC, superior colliculus; 
LGB, lateral geniculate body; VC, visual cortex; AN, auditory nerve; 
CN, cochlear nucleus; LL, nucleus of lateral lemniscus; IC, inferior 
colliculus; MGB, medial geniculate body; AC, auditory cortex.

 Visual  Pathway Auditory Pathway

1. Lateral geniculate body is the fi rst relay station outside There are several relay stations outside the ear before the 
 the eye. The relays corresponding to the message reaches the medial geniculate body (Fig. 13.9.12)
 auditory pathway take place within the retina.
 That is why the retina may be considered
 an extension of the brain.
 The superior colliculi receive collaterals which are The inferior colliculi form a part of the major auditory pathway.
 involved only in visual refl exes.
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13.10
Applied Auditory 

Physiology

Many common disorders of hearing, their evaluation and treat-
ment can be understood better in light of auditory physiology. 
But since these topics are beyond the scope of this book, they 
will receive only sketchy treatment here.

TYPES OF HEARING DEFECTS
From a physiological point of view, impairment of hearing, or 
deafness, is of two types (Fig. 13.10.1).

Conduction Deafness
In conduction deafness, sound cannot be conducted to the 
cochlear receptors (hair cells) effi ciently. Although it could be 
due to a defect either in the external or the middle ear, conduc-
tion deafness is commonly understood to mean only middle ear 
deafness. Common causes of conduction deafness are wax in 
the ear canal, perforation of the tympanic membrane, infl am-
matory disease of the middle ear (otitis media), or immobility 
of ossicles (otosclerosis).

Sensorineural Deafness or Nerve Deafness
Nerve deafness is due to an injury to hair cells or the auditory 
nerve or the auditory pathways. Very loud sounds can cause 
a temporary shift in threshold of hearing due to reversible 
hair cell damage. With repeated exposure to loud sounds, the 
damage can become permanent.
 Gradually progressive nerve deafness is normally seen 
as a part of the aging process. Starting with very mild hear-
ing impairment at 30 years of age, the loss becomes a handi-
cap in old age. The hearing loss associated with aging is 
called presbyacusis, and is particularly marked for higher 
frequencies.

EVALUATION OF AUDITORY FUNCTION
Preliminary evaluation of hearing can be carried out simply by 
fi nding the maximum distance from which the patient can hear 
the ticking of a watch and comparing it with the corresponding 
distance for a normal person.
 Hearing may be evaluated and also the type of hear-
ing defect determined clinically by tuning fork tests. Other 
common tests for evaluation of auditory function include audi-
ometry and evoked potentials.

Fig. 13.10.1: The process of hearing involves conduction of the 
stimulus through the external and middle ear, its transduction in the 
cochlea and transmission to the brain. Hence impairment of hearing 
may be due to a defect on either side of the dotted line; accordingly, 
deafness is classifi ed as conduction deafness or sensorineural 
deafness. Common causes of conduction deafness include wax or 
some other obstruction in the ear canal (1) or middle ear disease (2). 
Possible causes of sensorineural deafness include a defect in the 
cochlea (3) or in the auditory pathways (4).

Tuning Fork Tests
These tests are based on the principle that although normally 
sound is conducted to the ear by air (air conduction), it is also 
possible to stimulate the ear by applying the base of a tuning 
fork to a part of the skull. The vibrations of the tuning fork are 
then conducted by the skull to the temporal bone enclosing the 
cochlea. Vibrations of the temporal bone travel directly to the 
cochlear fl uids. This mode of stimulation is called bone con-
duction. Normally air conduction is more effi cient than bone 
conduction. But in conduction deafness the normal mode of 
conduction, i.e. air conduction, is impaired. However, conduc-
tion deafness does not impair bone conduction because that 
does not require the participation of the external or middle ear. 
Therefore, in an ear having conduction deafness, bone conduc-
tion may be better than air conduction. Moreover, in unilateral 
conduction deafness, bone conduction in the diseased ear is 
better than in the normal ear. This is because on the normal side 
the sound transmitted by bone conduction is masked by other 
sounds reaching the ear by air conduction. But on the diseased 
side, the masking effect is less or absent, thereby improving the 
relative effi ciency of bone conduction.
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 The commonly performed tuning fork tests are:

Weber’s Test
Strike the tuning fork to make it vibrate. Place the base of the 
tuning fork on the vertex of the skull or the forehead in the 
midline. Normally, the sound is heard equally well on both 
sides. Since nerve deafness affects air conduction as well as 
bone conduction adversely, in nerve deafness the sound is 
heard better on the healthy side (Fig. 13.10.2). But in conduc-
tion deafness, the sound is heard better on the diseased side.1

Rinne’s Test
The vibrating tuning fork is placed on the mastoid process to 
allow bone conduction till it can be heard. Then it is placed 
close to the ear to allow air conduction. In a normal ear or an 
ear with nerve deafness it should be possible to hear the tuning 
fork for some more time because air conduction is better than 
bone conduction. In the ear with conduction deafness, bone 
conduction is better than air conduction, and hence the tuning 
fork can be heard longer over the mastoid than close to the ear 
(Fig. 13.10.3).

Schwabach’s Test
The vibrating tuning fork is placed fi rst on the patient’s mas-
toid and then on the mastoid of a normal control. This com-
pares the patient’s bone conduction with normal bone conduc-
tion (Fig. 13.10.4).

Audiometry
Audiometry involves determination of hearing threshold for 
pure tones in the range of 125 to 8000 Hz. The sounds are 
presented one by one, to both ears and by both routes (air or 
bone conduction) in succession. The results are plotted graphi-
cally in a standardized format. The graph shows the hearing 
threshold of the subject in relation to the normal threshold. 
The normal threshold is defi ned on the basis of observations 
made on a large number of otologically normal subjects aged 
between 18 and 30 years (Fig. 13.10.5). The normal threshold 
is depicted as 0 dB in the graph and the loss for each frequency 
plotted.
 A hearing loss of 20 dB at a particular frequency means 
that the sound at that frequency had to be made at least 20 dB 
louder for the patient to hear it than for normal persons. A few 
sample audiograms are shown in Fig. 13.10.6. The interpreta-
tion of fi ndings is as for tuning fork tests.
 The results of bone conduction tests may be misleading in 
case of unilateral deafness because when the vibrator is placed 
on the mastoid on the diseased side, sound may be conducted 
around the head to the healthy ear giving a near normal thresh-
old. This fallacy may be overcome by providing a masking 
sound to the healthy ear. Since the contralateral effect of mask-
ing is minimal, the diseased ear’s bone conduction can still be 
evaluated. But the masking sound will prevent the healthy ear 
from contributing to the perception of the sound presented to 
the diseased ear.

Fig. 13.10.2: Weber’s test. The common findings have been 
tabulated. RIGHT, right ear; LEFT, left ear; DISEASED, diseased 
ear; NORMAL, normal ear; =, equally well heard; >, heard better/
longer than.

1 If you do not understand why the sound is heard better on the diseased side, read the explanation above, viz. the masking of the healthy ear.

Fig. 13.10.3: Rinne’s test. The common fi ndings have been tabulated. 
When the fi ndings are as in a normal person, the test is said to be 
positive. AIR, air conduction; BONE, bone conduction; >, heard 
better/longer than.

Speech Audiometry
Audiometry performed with pure tones may not give a good 
idea of the ability of the patient to understand ordinary speech. 
Therefore, sometimes a similar test is done with a list of words 
spoken from a tape recording, the volume of which can be 
altered in a standardized fashion. The patient is asked to repeat 
the words that he hears. The percentage of words that he can 
repeat correctly at specifi c intensity levels gives a score of his 
functional status so far as hearing is concerned.
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 If facilities for speech audiometry are not available, the 
elevation of threshold for sounds of 500, 1000 and 2000 Hz 
gives a good idea of the ability to understand speech. If the 
hearing loss at these frequencies in the better ear is 25 to 40 
dB, the patient has diffi culty in under stand ing faint speech 
only. Frequent diffi culty with normal speech is observed if the 
loss exceeds 40 dB, but so long as the loss is below 55 dB, loud 
speech can be still understood.
 The results of speech audiometry may also be plotted 
graphically. Some sample curves are given in Figure 13.10.7.

Auditory Evoked Potentials
In contrast with tuning fork tests and audiometry, which are 
subjective tests, evoked potentials constitute an objective test 
of auditory function. The appearance of evoked potentials is 

Fig. 13.10.4: Schwabach’s test. The common fi ndings have been 
tabulated. PATIENT, bone conduction in the patient; NORMAL, 
normal bone conduction; = bone conduction equally good; >, bone 
conduction better than.

Fig. 13.10.5: Normal hearing threshold for sounds of different 
frequency. The normal threshold intensity for each frequency is 
considered the ‘zero’ hearing level in conventional audiograms. 
(Based on data from Gelfand, 1981).

Fig. 13.10.6A to C: Sample audiograms. The ‘zero’ hearing level 
corresponds to the normal threshold. Hence the hearing level 
indicates the hearing loss in the subject. Only the right ear plots have 
been depicted in the fi gures.
A. Normal audiogram. Note that air conduction is better than bone 

conduction.
B. Audiogram suggesting conduction deafness. Symbols have the 

same connotation as in A.
C. Audiogram suggesting sensorineural deafness. Note that 

deafness is specially marked for higher frequencies, as happens 
in presbyacusis. Symbols have the same connotation as in A.

based on the fact that following transduction of the acoustic 
stimulus by the hair cells, the electrical signal is carried via 
the auditory pathway upto the cerebral cortex. The journey of 

13.10.indd   65413.10.indd   654 8/25/2010   11:34:48 AM8/25/2010   11:34:48 AM

tahir99-VRG & vip.persianss.ir



C
H

A
PT

ER
 1

3
.1

0
: A

p
p
lied

 A
u
d
ito

ry Ph
ysio

lo
g
y

655

the signal results in action potentials in all the fi bres in which 
it travels, and in dendritic potentials at the synapses involved. 
The summated result of the dendritic and action potentials can 
be picked up from several points along the auditory pathway 
even from the surface of the body. Since the recorded poten-
tials are evoked by auditory stimulation, they are called audi-
tory evoked potentials.
 Auditory evoked potentials show several components. As 
expected, the earliest responses originate in the cochlea and 
brain stem, the later ones in the thalamus and cortex.
 The recording electrodes for auditory evoked potentials 
are arranged in such a way that one electrode is placed near 
the point of highest potential and the other near the point of 
lowest potential. In the commonest arrangement, one electrode 
is placed on the scalp near the vertex, and the other on the mas-
toid process. A third electrode acts as a ground.
 The amplitude of evoked potentials is extremely small, and 
the ‘noise’ (unwanted nonspecifi c signals) is much stronger the 
‘signal’ (the potentials to be recorded). This problem is solved 
by averaging the responses to a large number of acoustic stim-
uli presented in quick succession. This procedure helps in two 
ways. It strengthens the ‘signal’ through repetitive appearance. 
Secondly, it weakens the ‘noise’ through random cancellation. 
This happens because the ‘signal’ has nearly the same wave 
form in response to every stimulus, but the wave form of the 
‘noise’ is irregular. The ‘noise’ may sometimes have posi-
tive and sometimes negative waves at the same time in rela-
tion to the stimulus. These positive and negative waves cancel 
one another reducing the obscuring effect of the ‘noise’ on the 
‘signal’. That is how the ‘signal’ can be recorded reasonably 
well.

 A typical wave form of a normal auditory evoked poten-
tial is shown in Figure 13.10.8. By convention the downward 
defl ections are termed positive and the upward defl ections are 
termed negative. Waves I-VI occur within the fi rst 8 msec and 
are thought to originate in the brain stem. Abnormalities in 
these waves indicate brain stem lesions. The middle latency 
waves, appearing 8 to 80 msec after stimulation originate in the 
thalamus and cortex. Abnormalities of these waves are seen in 
brain lesions or under anaesthesia.
 The few waves which appear still later (long latency com-
ponents) are associated with attention and other psychologi-
cal correlates of hearing. Accordingly, abnormalities in these 
waves are also associated with disorders of higher neural 
functions related to hearing. Some well defi ned long latency 
components appear with predictable regularity. For example, 
if a normal subject is presented a train of clicks which he is 
asked to count, and a click is omitted from the train at random, 
a large positive wave appears at 300 msec. The wave has there-
fore been named P300. P300 is associated with expectancy of a 
click which fails to materialize. The P300 wave of expectancy 
is reduced in schizophrenics.
 There are also characteristic potentials associated with 
unexpected events. For instance, if a series of tones is inter-
rupted by an unexpected dog bark, large amplitude evoked 
potentials make their appearance. Thus the long latency 
responses provide an insight into the complex link between the 
brain and the mind.

HEARING AIDS
Hearing aids have been designed to help patients with impaired 
hearing. Since these aids amplify the sounds, they help in con-
duction deafness, and also in senso rineural deafness provided 
the hearing is not totally lost.
 Conventional hearing aids have three basic com-
ponents. The first is the microphone, which is a trans-
ducer for converting sound signals into electric 

Fig. 13.10.7: Sample speech audiometry curves. A, normal. B, 
conductive deafness. The curve is shifted to the right, indicating a 
rise in the threshold of hearing. But if the speech is suffi ciently loud, 
nearly 100% correct interpretation is possible. C, deafness due to 
retrocochlear damage. The lesion may be in the auditory nerve or 
anywhere in the auditory pathways. Not only is the threshold of 
hearing higher than normal, the interpretation is also suboptimal no 
matter how loud the speech.

Fig 13.10.8: Auditory evoked potentials. Composite diagram of 
potentials recorded from several different points along the auditory 
pathway. The time and amplitude scales have to be condensed (as 
in a logarithmic scale) to fi t all the potentials in a reasonable space. 
N0, Na, Nb and N1, negative peaks: P0, Pa, P1 and P2, positive peaks.
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signals. The second component is an amplifi er, which ampli-
fi es the electrical signals generated by the microphone. The 
last component is the earphone, which is also a transducer. 
It converts the amplifi ed electrical signals into sound signals. 
Since a step of amplifi cation has been introduced, the sound 
signal delivered to the ear is louder than the original acoustic 
stimulus.

 Most hearing aids, irrespective of their shape and position 
on the body, amplify the intensity of sounds in this nonspecifi c 
manner. Efforts have been made to manufacture aids which 
would selectively amplify sounds of frequencies for which the 
hearing loss is greater. But this type of ‘prescription correc-
tion’ offers no special advantage. Hence the nonspecifi c type of 
hearing aids continue to be the most popular.
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13.11
The Vestibular Apparatus

While discussing physiology of hearing, we deliberately 
ignored a part of the inner ear which is not concerned with 
hearing. Now the time has come to discuss that part, known as 
the vestibular apparatus. Vestibule is a hall between the outer 
door and the interior of a building, for example the lobby of 
a hotel. The vestibular apparatus is so called because it may 
be considered an entrance to the cochlea. However, in terms 
of function it is more than a passage hall. It is a sensory organ 
in its own right. It detects position and motion of head. Since 
the head generally moves with the rest of the body, we might 
say that it informs us about the position and movement of the 
body. It is stimulated by acceleration—both linear and angular. 
When stimulated, the vestibular apparatus initiates postural and 
ocular refl exes. The postural refl exes help maintenance of equi-
librium while the ocular refl exes help in achieving reasonable 
stability of visual images in spite of the body being in motion. 
We are not much conscious of vestibular sense, but its impor-
tance becomes obvious when it is not in good order. Disorders 
of the vestibular system often lead to dizziness, nausea and 
impaired ability to maintain postural balance.

FUNCTIONAL ANATOMY
As in case of the auditory apparatus, the vestibular apparatus 
also consists of a membranous labyrinth which is enclosed in 
a bony labyrinth. The membranous labyrinth contains endol-
ymph, the composition of which resembles that of the intracel-
lular fl uid in that it has a high concentration of potassium. The 
space between the membranous labyrinth and the bony laby-
rinth contains perilymph, which resembles any other extracel-
lular fl uid in its composition.
 The vestibular apparatus consists of the otolith organs 
and three semicircular canals or ducts (Fig. 13.11.1). ‘Otolith 
organs’ is the name given to two sac-like structures, one called 
the saccule, and the other the utricle. The saccule communi-
cates with the cochlea via the ductus reuniens. The three semi-
circular canals are arranged in the three different mutually per-
pendicular planes. The canals are named, respectively, the hori-
zontal, anterior and posterior canals. If the head is tilted down 
by 30°, the horizontal canals lie exactly in the horizontal plane. 
The anterior canals lie in a plane that points anteriorly at about 
45° from the sagittal plane. The posterior canals lie in a plane 

Fig. 13.11.1: A schematic diagram of the vestibular apparatus and 
cochlea. Only the membranous labyrinth has been shown. scc, 
semicircular canal.

that points posteriorly at about 45° from the sagittal plane. 
Thus the right anterior semicircular canal lies in the same plane 
as the left posterior canal. And, the right posterior canal lies in 
the same plane as the left anterior canal. To understand it more 
clearly, place a closed book parallel to the fl oor, and imagine it 
passing through both ears. The book lies roughly in the plane 
of the horizontal canals. Then place two partially open books 
on it as shown in Figure 13.11.2. The covers of these books lie 
in the planes of the anterior and posterior canals.
 The epithelium of the membranous labyrinth is specialized 
at a few places to form sensory cells, known as the hair cells. 
Hair cells of the saccule and utricle are located on a thickened 

Fig. 13.11.2: Orientation of the semicircular canals as visualized from 
above the head. H, horizontal; A, anterior; P, posterior semicircular 
canal. Note that A on the left side is in the same plane as P on the 
right side, and vice versa. The horizontal canal is exactly horizontal 
only when the head is bent forwards about 30°.
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portion of their walls, known as the macula (Fig. 13.11.3). The 
macula is covered with a gelatinous mass containing crystals of 
calcium carbonate, known as otoliths. The cilia of the hair cells 
project into the gelatinuous mass. Hair cells of otolith organs 
are stimulated by linear acceleration and change in position 
of the head with respect to gravity. The macula of the saccule 
is oriented vertically. Therefore its hair cells respond to verti-
cally directed linear acceleration, e.g. the type of acceleration 
experienced while travelling in a lift (in USA, an elevator). 
The macula of the utricle is oriented horizontally. Therefore its 
hair cells respond to tilting of the head or horizontally directed 
linear acceleration, e.g. the type of acceleration experienced 
while travelling in a car.
 Hair cells of the semicircular canals are located in a dilated 
end of each canal, known as an ampulla. Thus, the three canals 
have three ampullae. The ampullae open into the utricle. Each 
ampulla has a semi-elastic pendular hillock (i.e. ‘a small hill’) 
called crista, on which are lodged the hair cell (Fig. 13.11.4). 
The cilia of the hair cells, in the ampullae are also embedded 
in a gelatinous mass known as cupula. The cupula is like an 
inverted cup, and forms a water—tight seal between the canal 
and the utricle. However, the cupula does not contain any oto-
liths. The disposition of the canals ensures that angular accel-
eration in any plane will stimulate at least one pair of ampullae.
 The hair cells of the vestibular apparatus are furnished with 
large number of stereocilia of graded length, and a kinocil-
ium which is next to the longest stereocilium (Fig. 13.11.5). 
The stereocilia and kinocilia of the vestibular sensory cells are 
arranged in a very orderly fashion. The geometrical arrange-
ment is important because the cells are directionally sensitive; 
bending of cilia towards the kinocilium leads to excitation, and 
bending away from the kinocilium leads to inhibition. Change 
in the activity of hair cells is conveyed to the central nervous 
system by afferent fi bres which are a part of the eighth cranial 
nerve. In turn, the activity of hair cells is also infl uenced by 
efferent nerve fi bres which originate in the ipsilateral lateral 

vestibular nucleus and in the reticular formation near the sixth 
cranial nerve.

Connections
The cell bodies of afferent fi bres innervating the vestibular 
sensory cells are located in the vestibular ganglion (Scarpa’s 
ganglion). These cells are bipolar cells. Their central axons 
travel in the vestibular division of the vestibulocochlear nerve 
(VIIIth cranial nerve). The VIIIth cranial nerve enters the brain 
at the level of the pons. The central axons of vestibular affer-
ent fi bres project to the vestibular nuclei (Fig. 13.11.6). The 
vestibular nuclear complex has four divisions. The lateral 
vestibular nucleus receives afferent fi bres from the utricle. In 
addition, it also receives inputs from the cerebellum and spinal 
cord. Efferent fi bres arising from the lateral vestibular nucleus 
exert a facilitatory infl uence on alpha and gamma motor neu-
rons supplying antigravity muscles of limbs. The medial and 

Fig. 13.11.3: The otolith organs. A. The sensory cells in the otolith 
organs are located on maculae, and their orientation has been 
diagrammatically shown. B. Schematic diagram of microscopic 
structure of the macula.

Fig. 13.11.4: Schematic diagram of the interior of the ampulla of the 
horizontal canal. There is no essential difference between the ampulla 
of the horizontal canal and those of the vertical canals except for the 
orientation of the kinocilia of hair cells. In the horizontal canals the 
kinocilia are towards the utricular opening while in the vertical canals 
the kinocilia are towards the other opening of the semicircular canal.

Fig. 13.11.5: Diagrammatic representation of a hair cell. The 
neurotransmitter involved in transfer of information from hair cells to 
afferent fi bres is possibly either glutamate or aspartate.
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superior vestibular nucleus receives afferent fi bres from the 
saccule and utricle, as well as the semicircular canals. In addi-
tion, it also receives inputs from the cerebellum. Some vestibu-
lar afferents also project, directly to the fl occulonodular lobe of 
the cerebellum.
 To summarize, changes in position or movement of the 
head, which are detected by the vestibular apparatus, are con-
veyed to (a) the cerebellum, so that the cerebellum can use this 
information for better coordination of postural muscles, (b) the 
oculomotor muscles, so that eye movements can be coordi-
nated with bodily movement, and (c) motor neurons of head, 
neck and other postural muscles, so that postural stability may 
be achieved during bodily movement.

PHYSIOLOGY OF VESTIBULAR RECEPTORS
Receptor function in the vestibular apparatus is performed by 
the hair cells. Hair cells are slowly-adapting mechanoreceptors 
with a very high degree of directional sensitivity. Their activ-
ity is altered by the bending of their hair, or cilia. If the cilia 
bend towards the kinocilium, there is a depolarizing receptor 
potential, and the frequency of discharge in the afferent nerves 
increases. Bending of cilia away from the kinocilium leads to 
changes in the opposite direction (Fig. 13.11.7). The next ques-
tion which naturally comes to our mind is: how does move-
ment or acceleration of the head bend cilia of sensory cells in 
the vestibular apparatus? The mechanism is somewhat differ-
ent for the otolith organs and the semicircular canals.

Otolith Organs
The cilia of hair cells of the otolith organs are embedded in 
a gelatinous mass (otolith membrane) containing crystals of 
calcium carbonate. Therefore the specifi c gravity of the otolith 

Fig. 13.11.6: A simplifi ed diagram of major vestibular pathways. 
SCC, semicircular canals; S. saccule; U, utricle. 1, 2 and 3, the three 
neurons involved in vestibulo-ocular refl ex.

Fig. 13.11.7: Directional sensitivity of vestibular hair cells. A. Resting cell. The receptor potential as well as afferent nerve fi bre impulse 
frequency show a resting value. B. Bending of cilia towards the kinocilium leads to a depolarization type of receptor potential, and hence 
an increase in the quantity of neurotransmitter released at the synapse between the hair cell and afferent nerve fi bre. Consequently, there 
is an increase in the afferent nerve fi bre impulse frequency. C. Bending of cilia away from the kinocilium leads to a hyperpolarization type 
of receptor potential, and hence a decrease in the release of neurotransmitter by the receptor cell. Consequently, there is a decrease in 
the nerve fi bre impulse frequency.
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membrane is greater than that of the endolymph. Therefore a 
change in the direction of the gravitational pull exerted on the 
otolith membrane bends the cilia of hair cells.

Detecting a Change in Position of the Head
The macula of the utricle is horizontal when the body is erect 
and the head is held normally. Therefore any tilt in the head 
from this position alters the direction of the gravitational pull 
exerted on its otolith membrane (Fig. 13.11.8). The macula 
of the saccule is in the sagittal plane. Therefore its hair cells 
may be affected more when the position of the head is changed 
while a person is lying down.
 In both the utricle and the saccule, the kinocilia of the 
hair cells are oriented in relation to a curved ridge, called the 
striola. Therefore they do not all point in any single direction. 
Therefore a head tilt bends the cilia of some of them towards 
the kinocilium, and of the others away from the kinocilium. 
Therefore any movement of the head excites some hair cells 
and inhibits others to varying degrees. Therefore the informa-
tion conveyed to the central nervous system is in terms of a 
change in the pattern of excitation rather than simple excitation 
or inhibition.

Detecting Linear Acceleration
The saccule and utricle can detect also linear acceleration 
of the head because the higher specifi c gravity of the otolith 
membrane imparts to it greater inertia than the surrounding 
fl uids. Therefore when the head accelerates, the otolith mem-
brane lags behind the surrounding endolymph. That creates a 
shearing stress which bends the cilia embedded in the otolith 
membrane.

Semicircular Canals
In order to understand the function of the semicircular canals, 
it will be useful to note that:
a. the canals are fi lled with endolymph
b. the hair cells are located in dilatations, called ampullae, at 

the ends of the canals,
c. the cilia of the hair cells are embedded in a gelatinous mass, 

the cupula, the specifi c gravity of which is the same as that 
of the endolymph, and

d. the cupula forms a water-tight seal between the semicircular 
canal and the utricle.

 Let us consider what happens in the horizontal canals 
when the head is rotated to the right in the horizontal plane. 
Imagine as if you are looking at the canals from above the head 
(Fig. 13.11.9). When the head rotates to the right, the canals 
(which are a part of the head) naturally turn to the right. But 
the endolymph in the canals, due to inertia, does not move 
immediately, and then moves slower than the head. It is only 
after 20-30s that the endolymph also moves at the same speed 
as the head. Let us concentrate on the initial phase when the 
movement of the endolymph lags behind. This pheno menon is 
equivalent to the endolymph moving in a direction opposite to 
that in which the canal moves. Thus when the head rotates to 
the right, initially the endolymph effectively rotates to the left. 

Since the cupula has the same specifi c gravity as the endol-
ymph, it moves along with the endolymph. Since the cupula 
forms a water tight seal, its movement bends the cilia of the 
hair cells. As a matter of detail, it might be added that in the 
horizontal canals, the kinocilia are located towards the utri-
cle. Therefore, if the cupula bends towards the utricle, the cilia 
bend towards the kinocilia, and therefore the hair cells are 
stimulated. By the same token, if the cupula bends away from 
the utricle, the hair cells are inhibited. In the anterior and pos-
terior canals, the kinocilia are located away from the utricle. 
Therefore, in these canals, bending of the cupula away from 
the utricle leads to stimulation of the hair cells. The above 
discussion shows that when the head rotates, in the beginning 
there is a change in the stimulation pattern of the hair cells of 
semi-circular canals. We have learnt to interpret this change 
as rotation of the head in the direction in which the head actu-
ally rotates. After about 30s of rotation, however, the head, the 
canals, and the endolymph all rotate in the same direction at 
the same speed. The cupula returns to its elastic position by 
virtue of its elasting recoil. The hair cell activity also returns 
to its resting level, and we are no longer conscious of rota-
tion, at least on the basis of information from the semicircular 
canals.1

 Now let us consider what happens when the head stops 
rotating. The head, and naturally also the semicircular canals, 
stop rotating together. But due to inertia, the endolymph con-
tinues to rotate for some time in the same direction in which 
the head was rotating. For example in the case which we have 
considered, if the head was rotating to the right, after stopping 
the rotation, initially the endolymph continues to rotate to the 
right. Therefore the bending of the cupula and change in the 
pattern of stimulation of hair cells is opposite to that which 
takes place when the rotation was begun. Therefore we inter-
pret this change as rotation of the head in a direction which is 
opposite to that in which the head was actually rotating. Within 
about 30s, however, the endolymph comes to rest, the cupula 
returns to its resting position, and the hair cell activity also 

Fig. 13.11.8: Stimulation of hair cells in otolith organs. A. Resting 
position. B. Head tilted to the right. Because of the presence of 
otoliths, the force of gravity bends the cilia of hair cells considerably 
more than the tilt in the hair cell itself. As a result, the hair cell activity 
changes. In the fi gure, the hair have been shown to bend towards the 
kinocilium. Hence the hair cell activity would increase.

1 We may still be conscious of rotation on the basis of visual information.
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Fig. 13.11.9: Mechanism of action of semicircular canals. The example chosen for illustration is that of the horizontal canals when the 
head rotates to the right in the horizontal plane. A. Actual state of rest or motion of the head; B. Schematic representation of events in the 
semicircular canals; C. Frequency of nerve impulses in afferent nerve fi bres; D. Conscious interpretation of the neural message.
(1) Rest. L, left; R, right. (2) Head rotation to the right just begins. The walls of the canal move at the same rate as the head but the endolymph 
moves slowly due to inertia. The difference in velocity has been shown by arrows. (3) The situation in 2 is equivalent to what has been shown 
in 3. Since the endolymph moves slowly, it is equivalent to its moving in the opposite direction, i.e. to the left. If this concept of relative motion 
is grasped, it becomes easy to understand the direction in which the cupulae bend. Cilia of the hair cells bend in the same direction as the 
cupulae. Thus the cilia in the right ampulla bend towards the utricle. In the horizontal canals, the kinocilia are towards the utricle. Therefore 
in the right ampulla, the cilia bend towards the kinocilium. Hence the fi ring frequency in the afferent nerve increases on the right side. (4) 
If the head rotation continues beyond about 30 s, the endolymph also starts rotating at the same speed as the head. This is equivalent to 
no motion. Therefore the cupula returns to the resting level, and so does the afferent nerve fi bre activity. Therefore the brain interprets the 
neural message to mean that there is no rotation of the head going on. (5) When the rotation of the head just stops, the endolymph continues 
to move for some time due to inertia. Since the movement of endolymph is in a direction opposite to that in 3, the neural message is also 
reversed. Therefore the brain interprets the message to mean that the head is rotating to the left. (6) Finally, the endolymph also stops 
moving and the resting state is restored.

2 The semicircular canals thus detect only the beginning and end of rotation of the head. Therefore it is more appropriate to say that the canals detect 
angular acceleration.

returns to the resting level. Correspon dingly, we no longer feel 
that the head is moving.2

 Although we have considered only the events in the hori-
zontal canals, the basic mechanism underlying the function of 
the anterior and posterior semicircular canals is the same. The 
net result of having three pairs of canals is that no matter in 
which direction the head rotates, there is some change in the 
pattern of discharge from some hair cells in some canals, and 
the body is able to respond appropriately.

VESTIBULAR REFLEXES

The information collected by vestibular apparatus leads mainly 
to refl ex adjustments in posture and eye movements. Both these 
functions are also affected by information from other sensory 
structures. In the intact organism the regulation of posture and 
of the eye movements are the integrated result of contributions 
made by various refl exes, only some of which originate in the 
vestibule. But it is possible to show through experiments that 
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vestibular apparatus makes a specifi c, considerable and some-
times very signifi cant contribution to these functions.

Postural Refl exes
Vestibular postural refl exes contribute to stability when the 
position of the head is changed or the body suddenly experi-
ences acceleration—positive or negative, linear or angular.

Tonic Labyrinthine Refl exes
If a decerebrate animal is placed supine, it displays maximal 
tone in antigravity (extensor) muscles of its limbs. On the other 
hand, if it is placed prone with the snout about 45° below the 
horizontal plane, the tone in extensor muscles decreases to a 
very low level.
 If the head of a decerebrate animal is dorsifl exed (i.e. bent 
backwards), it shows extension of all the four limbs. To visual-
ize the possible utility of this refl ex imagine an animal who has 
seen food somewhere high up. It looks up (by dorsifl exing the 
head), and extends the limbs to jump at the food.
 Afferents for the tonic labyrinthine refl exes originate in the 
otolith organs. The information is processed in vestibular and 
reticular nuclei. The efferents travel in the vestibulospinal and 
reticulospinal tracts to the motor neurons in the spinal cord.

Labyrinthine Righting Refl ex
In a decorticate animal, if the head is held in the lateral posi-
tion, the animal tends to assume the upright posture. The pres-
sure receptors (which are stimulated more on the side which is 
in contact with the fl oor) and visual information also contrib-
ute to the righting refl ex. But if the animal is pressed with a 
board on the side which is not in contact with the fl oor (so that 
pressure receptors are stimulated equally on both sides) and the 
animal is blindfolded (so that there is no visual information), 
the animal is still able to right itself due to the labyrinthine 
righting refl ex.3

Visual Refl ex
The visual refl ex of vestibular origin is called the vestibulo-
ocular refl ex (VOR). VOR enables the eyes to fi xate on the 
same object when there is a rotation of the head.4 If the head 
rotates to the left, eyes move an appropriate distance at the 
same rate to the right so that the retinal image remains con-
stant. However, if the rotation exceeds 60°, rapid movement of 
the eyes in the same direction as the rotation of the head takes 
place. This rapid movement (saccadic movement) leads to fi xa-
tion on a new object. Thus VOR also, like the opticokinetic 
refl ex (OKR), gives rise to nystagmus, i.e. a slow movement of 
the eyeballs alternating with a rapid movement in the opposite 
direction. However, only the slow component is attributable to 

information originating in the vestibular apparatus. The rapid 
component depends on visual information and is integrated 
in visual centres such as the superior colliculi and prepontine 
reticular formation.5

 The pathway for VOR is extremely short, involving only 
three sets of neurons, and accounts for its short latency (about 
12 ms). The fi rst order neurons are vestibular afferents which 
terminate in the vestibular nuclei. The second order neurons 
project from vestibular nuclei to oculomotor nuclei. The third 
order neurons project from oculomotor nuclei to extraocular 
muscles. (Fig. 13.11.6).

APPLIED VESTIBULAR PHYSIOLOGY
We shall now discuss one disorder which is believed to be due 
to vestibular malfunction, and a few tests for assessment of 
vestibular function.

Motion Sickness
Motion sickness occurs in susceptible individuals when travel-
ling in a fast moving vehicle. It is more likely to occur when 
travelling in a ship. It is associated with palpitation, sweat-
ing, dizziness and vomiting. It is believed to be due to strong 
stimulation of the vestibular apparatus. Discrepancy between 
information conveyed to the central nervous system by the 
vestibular apparatus and that conveyed by the eyes is likely 
to contribute much to motion sickness. That is why clos-
ing the eyes might help in reducing the symptoms of motion 
sickness.

Postrotatory Nystagmus
Vestibular nystagmus may be tested by having the patient sit in 
a chair which can rotate. If the subject is seated with the head 
bent about 30° forwards the horizontal semicircular canals are 
exactly horizontal and can be stimulated most effectively by 
rotation around a vertical axis. With the subject thus seated, the 
chair may be revolved at the rate of one revolution per two sec-
onds for 10 revolutions, and then suddenly stopped. If vestibu-
lar function is normal, nystagmus will be observed for 20-30 
s. If the chair is rotated to the right, in which direction will 
the postrotatory nystagmus be? Work out the answer yourself 
before turning to Figure 13.11.10.
 By altering the posture of the patient in the chair appropri-
ately, the vertical semicircular canals may be stimulated.
 In the postrotatory nystagmus test, the observations may be 
complicated by the simultaneous operation of visual refl exes 
(e.g. the opticokinetic refl ex). This may be avoided by giving 
the patient glasses having very strong convex lenses to wear. 
Some of these glasses are also fi lted with an inbuilt source of 

3 Although the tonic labyrinthine refl exes are best studied in a decerebrate animal and the labyrinthine righting refl ex in a decorticate animal, these 
refl exes operate also in intact animals (and humans!). The simplifi ed preparations used in experiments only show the refl exes more clearly because in 
the intact animal the refl exes are masked and complicated by voluntary motor activity.
4 Be careful to distinguish VOR from the optico-kinetic refl ex (OKR). OKR enables the eyes to fi xate on the same object when there is a movement of 
the scenery to which eyes are exposed, as when travelling in a train. VOR has a very short latency (only about 12 ms) whereas OKR has a latency of 
about 80 ms.
5 The convention regarding naming the nystagmus is controversial. According to Hutchison’s Clinical Methods, a standard British book which is widely 
used in India, nystagmus is named according to the direction of the quick component. That is, if the head rotates to the left, the quick component of the 
nystagmus is to the left, and the nystagmus is called “left nystagmus”.
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light. Such glasses prevent visual refl exes (because the patient 
cannot see anything clearly) and also facilitate examination for 
nystagmus (How?).

Caloric Nystagmus
This test is based on stimulating the semicircular canals using 
an unnatural stimulus, i.e. cold or warm water in the ear. The 
test is based on Barany’s theory that when the endolymph 
gets warm, its specifi c gravity falls, and as a result convection 
currents are set up which produce movement of endolymph 
comparable to that which occurs during angular acceleration. 
However, Barany’s theory is doubtful because the test works 
also in conditions of weightlessness, where specifi c gravity of 
endolymph should not matter. Therefore the test may be work-
ing because change of temperature is perhaps an unnatural but 
suitable stimulus for hair cells of semicircular canals. Be that 
as it may, to perform the test, the patient may be seated or may 
lie down supine. If the patient is seated, the head is tilted back-
ward by 60°; if lying down supine, the head is raised by 30°. 
Either manoeuvre makes the horizontal semicircular canal ver-
tical. Then the external auditory meatus is syringed gently with 
either cold or warm water. The procedure leads to nystagmus if 

semicircular canal function is normal. The direction of nystag-
mus when warm water is introduced into the right ear has been 
worked out in Figure 13.11.11.

CONCLUSION
Vestibular sense is not considered a special sense. It does not 
even normally fi gure prominently in our conscious ness. But 
it has been considered in this section because its receptors are 
extremely close to the receptors for hearing. In any case, there 
is no radical difference in the physiology of senses which are 
considered special and those which are not.

Fig. 13.11.10: Direction of postrotatory nystagmus. When the chair 
stops, why the brain interprets it as rotation in the opposite direction 
has been explained in Fig. 13.11.9

Fig. 13.11.11: Caloric nystagmus. Rinsing the right ear with warm 
water (A) makes the endolymph in the right horizontal canal, which 
is oriented vertically during the test, rise (B). The situation in B is 
comparable to that in the right horizontal canal in Fig. 13.11.9(3). 
There fore the neural message corresponds to the rota tion of the head 
to the right. That explains the direction of the nystag mus.
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13.12
A Taste of Taste

Modern man uses the sense of taste mainly to derive pleasure. 
He pursues food that tastes good, and often takes unwanted and 
even undesirable foods if they are tasty. Besides guiding us 
towards pleasing foods, and helping us avoid unpleasant foods, 
taste may also help us select the required foods. The notion that 
taste may be used as an indicator of the needs of the body is, 
however, a gross exaggeration. Defi nite evidence in support 
of this concept is available only for salt. An adrenalectomized 
animal losing large amounts of salt shows a marked preference 
for salty solutions. But there is no evidence to suggest that a 
liking for fried foods indicates a need for fats or calories, or 
that a craving for pickles during pregnancy is due to a need 
for any nutrient that only pickles can provide. In the course of 
evolution, the most useful role of taste possibly was to warn 
the animals against harmful foods. Poisonous plants are fre-
quently bitter or unpleasant to taste. Even if a harmful food is 
not bitter, the animal having once suffered from its ill effects 
would remember its taste, which in turn would help it avoid the 
same food in future.
 Taste, as we commonly experience it, is a combination of 
the sensation conveyed by the tongue, and smell, temperature, 
and even texture of the food. However, in this chapter we will 
deal with only the sensation conveyed by specialized recep-
tors on the tongue in response to the chemical nature of the 
food. Since this sensation as well as smell result from chemical 
stimuli, they are also called the chemical senses.

STRUCTURE
The receptors for taste are located on the surface of sensory 
cells which are grouped into bud-shaped clusters of about 50 
each. Each of these clusters is called a taste bud (Fig. 13.12.1). 
Besides these sensory cells, taste buds have a few supporting 
cells and basal cells. The life span of a sensory cell is only 
about 10 days. The dead sensory cells are replenished by basal 
cells. Basal cells divide to form supporting cells, which in turn 
differentiate into sensory cells.1 Taste buds are in contact with 
the external environment through a pore, which leads to the 
apical surface of sensory cells. The apical or ‘sensing’ surface 

Tongue: A Terrible Trap

Tongue is a necessary evil. Taste tempts man to consume 
foods which may hit his health hard (e.g. refi ned foods, fried 
foods, etc.) or hurt his conscience (e.g. fl esh foods). The 
tongue is also used in speech, which entraps man as effec-
tively as horns entrap a deer. Finally, if a person loses con-
sciousness, his tongue tends to seal the lifeline. That is why 
one of the most important precautions for artifi cial respira-
tion is to check that the airway is not blocked by the tongue. 
In spite of all the diffi culties into which the tongue may land 
its owner, it is useful. The sense of taste provides a lot of 
harmless pleasure; being speechless is not an enviable state; 
and unconsciousness is not a frequent feature.

1 When a basal cell divides, only some of the daughter cells form supporting cells. Unless some daughter cells continue to be basal cells, the stock of 
basal cells would be soon exhausted.

Fig. 13.12.1: Structure of a taste bud

of sensory cells is increased by the presence of microvilli. Taste 
buds are grouped in structures called papillae (papilla, nipple). 
There are three types of papillae (Fig. 13.12.2) with a character-
istic distribution over the surface of the tongue (Fig. 13.12.3). 
Fungiform papillae, as the name indicates, resemble a fungus 
to be more specifi c, a mushroom. Fungiform papillae are dis-
tributed over almost the entire surface of the tongue. Foliate 
papillae are so called because they resemble a leaf, and are con-
fi ned to the back edge of the tongue. Circumvallate or vallate 
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be exerted by proteins or some other substances released from 
the vesicles in the afferent nerve endings. These substances are 
presumably manufactured in the cell bodies of these neurons 
and reach the vesicles by axonal transport.

TASTE PATHWAYS
The fi bres innervating the taste buds are branches of cranial 
nerves (Fig. 13.12.4). Fungiform papillae, which occupy 
approximately anterior two-thirds of the tongue, are innervated 
by the seventh cranial (facial) nerve. The vallate and foliate 
papillae, which occupy approximately the posterior one-third 
of the tongue, are innervated by the ninth cranial (glossopha-
ryngeal) nerve. Children have taste buds on the soft palate and 
back of the throat too; these are innervated by the tenth cranial 
(vagus) nerve. The sensory afferents of all these cranial nerves 
travel to the medulla oblongata in the tractus solitarius. Fibres 
of the tractus solitarius relay in the gustatory part of the nucleus 
of tractus solitarius. In the tractus solitarius, taste signals have 
an opportunity to interact with salivatory nuclei and motor part 
of the vagus nerve nucleus. The output of the nucleus of tractus 
solitarius travels in the medial lemniscus to the small-celled 
(parvocellular) part of nucleus ventralis posteromedialis (or 
arcuate nucleus) of the thalamus. After relaying in the thala-
mus, the taste fi bres project to the cerebral cortex. Taste area 
I is located in the postcentral gyrus, close to the somesthetic 
representation of the tongue, (i.e. where general sensations like 
touch, pain, pressure or temperature project). Taste area II lies 
buried in the insular cortex.
 Besides this pathway, taste fi bres also project from the 
medulla, via the pons, to the limbic system and hypothala-
mus. This pathway possibly provides the structural basis of the 
pleasurable and unpleasant feelings associated with perception 
of taste.
 The interaction of taste fibres in the tractus solitarius 
with salivatory and vagal nuclei explains the refl ex increase 
in salivary and gastric secretion in response to a food having 

Fig. 13.12.2: The three types of papillae seen in the tongue.

Fig. 13.12.3: Distribution of the three types of papillae on the surface 
of the tongue. Also shown are the regional distribution of sensitivity 
of the tongue to the four basic tastes, and the innervation of the 
taste receptors in the anterior two-thirds and the posterior one-third 
of the tongue.

papillae resemble a well, or rather a moat, and are restricted to 
a V-shaped region near the base of the tongue. The number of 
vallate papillae is less than a dozen. But in spite of their small 
number, they have about half the taste buds. The arrangement 
of taste buds on the three types of papillae is also somewhat 
different, and is shown in Figure 13.12.2.
 Besides these three types of papillae, there is also a fourth 
type, the fi liform (fi nger-shaped) papillae but these have no 
taste buds. The vallate and foliate papillae also have serous 
glands associated with them near the base. Their secretions 
possibly keep the surface of the tongue moist, wash away 
particulate matter from the tongue and also dilute the chemi-
cal substance which stimulates the taste receptors. The dilu-
tion may be of protective value in case of bitter and irritant 
substances.
 The sensory cells of taste buds are innervated by affer-
ent nerve fi bres of cranial nerves. The ultrastructure of the 
junctional region suggests chemical transmission. Vesicles 
are present in the receptor cells suggesting neurotransmitter 
release which excites the afferent nerve fi bres. Further, vesi-
cles are also present in the afferent fi bres. The signifi cance of 
these vesicles can be under stood in light of the observation that 
if an afferent nerve fi bre is cut, the taste buds supplied by it 
degenerate. This observation is consistent with a trophic infl u-
ence of nerve supply on the sensory cells. The infl uence may 

Fig. 13.12.4: The major taste pathway.
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a pleasant taste. Similar other interactions may explain other 
reflex responses to taste, such as vomiting following an 
unpleasant taste stimulus.

The Four Basic Tastes
Just as there are three primary colours, there are four basic 
tastes: sweet, sour, salty and bitter. The sensitivity of the tongue 
to different tastes has a regional distribution (Fig. 13.12.3). For 
example, the tip of the tongue is most sensitive to sweet, edges 
to sour, and the back is most sensitive to bitter. That is why if 
we have to swallow a bitter pill, we avoid letting it touch the 
back of the tongue.
 The taste and chemical structure of substances do not show 
a clear relationship. Presence of hydrogen ions is associated 
with sour taste, although in organic acids, anions may also 
contribute to the sour taste. Sweet taste is associated with the 
chemical structure of glucose, but polysaccharides like starch 
are not sweet while many non-carbohydrate substances like 
saccharine are sweet. Only sodium chloride has a pure salty 
taste. But many other substances also have an element of salti-
ness in their taste. Bitter substances show so much heterogene-
ity in their chemical structure that it is impossible to attribute 
the bitter taste to any specifi c chemical confi guration. A small 
change in chemical structure might alter the taste. For instance, 
D-leucine is sweet whereas L-leucine is bitter. Concentration 
of a substance may also affect its taste. For example, a very 
dilute solution of sodium chloride is sweet instead of salty. The 
intensity of a taste experience depends on the concentration of 
the stimulating substance, the area of the tongue stimulated, the 
duration of stimulation and the temperature of the substance. 
With prolonged application, the taste may become less intense: 
the adaptation is partly due to the serous secretion from the 
vicinity of the taste buds.

TRANSDUCTION AND CODING OF
GUSTATORY STIMULI

The process of perception of taste begins with an interaction 
between the stimulating substance and the sensory cells. The 
interaction involves a combination of the molecules of the sub-
stance with receptors (recognition sites) on the surface of the 
receptor (sensory) cells.2

 The specificity of the combination is indicated by the 
selective blockade of taste by specifi c chemicals. For exam-
ple, gymnemic acid blocks selectively the receptors for sweet 
substances. Further, some individuals lack the ability to taste 
specifi c substances such as phenylthiourea. The handicap is 
possibly due to a genetic defect which makes it impossible for 
these individuals to synthesize the appropriate receptor protein.
 The interaction between the molecules of the stimu lating 
chemical and the receptors on the sensory cells varies with the 
class to which the chemical belongs. In case of sugar the recep-
tor is a G-protein coupled protein and leads to an increase in 
cAMP concentration in the sensory cell. In case of non-sugar 

sweeteners also the receptor is coupled to a G-protein but the 
second messenger is inositol triphosphate. Regardless of the 
second messenger, the increase in its concentration leads to 
an increase in intracellular calcium, which in turn leads to the 
release of a transmitter by the sensory cell, leading thereby to 
the excitation of the afferent nerve endings. If the stimulating 
chemical is sodium chloride, it excites the sensory cells by 
increasing the infl ux of sodium ions, leading thereby to depo-
larization. In case of sour and bitter substances, the transduc-
tion mechanism is still not well established.
 Electrophysiological recordings from single sensory cells 
have shown that although a given cell responds most readily 
to a specifi c taste, it shows some response to other tastes also. 
A taste bud is innervated by about 50 afferent nerve fi bres. 
Further, each nerve fi bre innervates several taste buds, some 
of which are fairly widely scattered over the tongue. Thus 
each afferent nerve fi bre has a large receptive fi eld over the 
tongue. Application of an appropriate stimulus to the recep-
tive fi eld alters the activity of the afferent fi bre. The receptive 
fi elds of different afferent fi bres show considerable overlap. 
Electrophysiological recordings from single afferent fibres 
also show that although each fi bre shows maximum change in 
activity in response to a specifi c taste, it responds also to other 
tastes.
 On the basis of the experimental fi ndings cited above, it 
is believed that no single fi bre can convey the quality of taste. 
Instead, quality is possibly conveyed by the relative stimulation 
pattern of a large number of fi bres. The intensity, as expected, 
is coded in terms of the frequency of impulses. The situation 
regarding coding of quality is similar to that for vision or hear-
ing. Although cone pigments show maximum absorbance for 
a specifi c colour, they absorb light of neighbouring wave-
lengths also. Although points on the basilar membrane show 
maximum vibration in response to a specifi c frequency, they 
vibrate also in response to stimuli of neighbouring frequen-
cies. That is why, just as we have a continuous spectrum of 

2 It is unfortunate that the word ‘receptor’ is commonly used in two different ways. Its meaning at a particular place is judged from the context in which 
it is used.

Do We Need What We Like?

The popular notion that a person needs what he fi nds good 
to taste seems to be based on ancient medical texts.

“The person whose vitia, body elements, excretory matter 
and body strength have suffered diminution, craves for such 
varieties of food as are the sources of these diminished 
objects. By satisfying the yearning for the type of food which 
supply those defi cient constituents of the body, their dimi-
nution is corrected.” (Susruta, Sutra, 15, 32-33)

“Whatever type of food a person dislikes and whatever 
he craves for, by avoiding and satisfying these respec tively 
should he correct the excess and paucity respectively of the 
body constituents.” (Vagbhata, Ast. Hrd. Sutra, 11,42)

But there is as yet insuffi cient scientifi c data supporting 
these statements in their entirety.
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colours and a continuous range of perceived frequencies, there 
is also a continuous spectrum of tastes. Only a little refl ection 
makes us realize that although we tend to think in term of only 
four tastes, we can discriminate several intermediate tastes as 
well.
 The perception of taste involves a complex mechanism 
extending from the tongue to the brain. In the brain, there 
is a pathway terminating in the cortex, and another in the 
limbic system. The former is possibly concerned with con-
scious perception while the latter is responsible for the emo-
tional reaction to taste. The overall infl uence of civilization 

is to dissociate the two aspects, so that awareness of taste is 
possible without the accompanying emotional response, spe-
cially if the taste is unpleasant. When Mahatma Gandhi was 
in England, his commitment to vegetarianism and simplicity 
made him turn to foods like boiled spinach (without condi-
ments and spices). But his conviction was so strong that he rel-
ished even such insipid dishes. While quoting these details in 
his autobiography, he wrote, “Many such experiments taught 
me that the real seat of taste was not the tongue but the mind”. 
Now we have a plausible neurophysiological basis for his 
statement.

13.12.indd   66713.12.indd   667 8/25/2010   11:34:37 AM8/25/2010   11:34:37 AM



13.13
A Smell of Smell

The sense of smell is amazingly sharp in some animals. It is 
said that a dog can discriminate even the smells of individual 
human beings. Man’s sense of smell falls far short of such 
feats, but is still quite impressive. Man can also sort out hun-
dreds of substances at fairly low concentrations on the basis of 
smell. Human beings differ considerably in their olfactory abil-
ity. At one extreme are the ‘olfactory types’ whose abilities are 
exceptional and may be made use of in perfume industry. At 
the other extreme are those with partial or total anosmia (a, not; 
osme, smell). However, in present day human societies, smell-
ing ability has no impact on survival. It is basically a luxury or 
a nuisance depending on the nature of the stimulus. To animals, 
smell provides valuable clues towards detection of food, mate 
or enemy which lends it enormous value in preservation of self 
as well as the species. Primitive man also seems to have made 
more effective use of smell than he does now. This is refl ected 
in noserub as a form of greeting in many ancient cultures. The 
Sanskrit ‘love’ also means ‘smelling’. Maoris, the aborigenes 
of New Zealand, greet each other by saying ‘I smell you’.

STRUCTURE
The nasal cavity is divided into a right half and a left half by 
the septum. Each half is further divided into compartments 
by three shelf-like conchae on either side. Olfactory mucosa 
is restricted to the superior and middle conchae and adjacent 
areas of the septum (Fig. 13.13.1). The rest of the nasal mucosa 
is considered respiratory in function, but has free nerve end-
ings of the trigeminal (fi fth cranial) nerve which get stimulated 
by strong smells and evoke a conscious feeling of irritation.
 Olfactory mucosa has cilia bearing receptors for odorifer-
ous chemicals (Fig. 13.13.2). The cilia are the terminal part of 
sensory cells, which have the features of neurons. The sensory 
cells have a short life span; they are renewed every 60 days by 
proliferation of basal cells. Olfactory receptor cells are the only 
neurons known to be replenished by cell division. Besides sen-
sory cells and basal cells, olfactory mucosa also has supporting 
cells.

Fig. 13.13.1: Major structures associated with perception of smell. 
The olfactory mucosa (shaded area) is restricted to the superior 
and middle conchae and adjacent areas of the septum. Therefore a 
quiet inspiration (1) does not bring the inspired air in contact with the 
olfactory mucosa. It needs a forceful breath (2), which sets up eddy 
currents in the nasal cavity, to smell properly. The olfactory sensory 
cell axons pass through the cribriform plate of the skull to reach 
the olfactory bulb. The shaded areas in the brain show roughly the 
regions intimately involved in perception of smell. Note that these 
areas belong to the primitve parts of the brain, which are principally 
hidden behind the medial and basal surface of the human brain 
because of the enormous overgrowth of the phylogenetically more 
recent parts of the cerebral cortex. For details of olfactory mucosa, 
olfactory bulb and its central projections, see subsequent fi gures.

OLFACTORY PATHWAYS

The axons of olfactory sensory cells travel through the cribri-
form plate (cribrum, sieve; forma, shape) of the eth moid bone 
to join the olfactory bulb. Olfactory bulb is an extension of 
the brain and has complex neuronal circuitry (Fig. 13.13.3). 
The olfactory neurons synapse with mitral cells,1 which are the 
principal output neurons of the olfactory bulb. The synapses 

1 Mitral cells are so named because of their resemblance with the mitre, which was an ancient head dress worn by bishops. It was a forked headgear, split 
longitudinally.
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involve marked conver gence, and form clusters known as 
glomeruli. Adjacent glomeruli are interconnected by peri-
glomerular cells.
 Further, some dendrites of mitral cells are inter con nected 
also by granule cells. Besides integrating infor mation from 
neighbouring areas, periglomerular cells and granule cells 
also mediate the infl uence of efferent fi bres on the olfactory 
signals. The exchange of information between mitral cells 
and granule cells or periglomerular cells is thought to be 
bidirectional.
 The axons of mitral cells form the olfactory tract.
Like the taste fi bres, olfactory tract also projects to the primi-
tive parts of the brain as well as the neocortex (Fig. 13.13.4). 
The projections to the primitive parts are principally to the 
prepyriform cortex, amygdala and entorhinal cortex, which 
in turn projects to the hippo campus. The pathway to the neo-
cortex involves a relay in the olfactory tubercle, and then in 
the medial dorsal nucleus of the thalamus, the output of which 
projects to the orbitofrontal cortex.

Fig. 13.13.2: Diagrammatic representation of histological structure 
of the olfactory mucosa

Fig. 13.13.3: A highly simplifi ed diagrammatic representation of neuronal circuitry in the olfactory bulb.

THE PRIMARY ODOURS

The primary odours, if any, are not known with certainty. 
One of the better accepted schemes proposes seven primary 
odours: camphoraceous, musky, fl oral, pepper mint, ethereal, 
pungent and putrid. Although many of the substances with 
similar odours have a similar chemical structure, some have 
a dissimilar structure. The intensity of sensation is closely 
related to the concentration of the substance but the sensation 
rises less steeply than the concentration. As the duration of a 
stimulus increases, the sensation decreases due to adaptation. 
If the stimulus persists long enough, total adaptation may be 
achieved, i.e. the smell may no longer be felt. The adaptation 
is only partly at sensory cell level; much of it is in the cen-
tral nervous system. In other words, in response to a prolonged 
stimulus, the receptor response is persistent although dimin-
ished with time. Total adaptation seems to be due to mecha-
nisms in the central neural pathways of olfaction, and may 
involve the efferent fi bres.
 The sensation of smell has two components; detection, i.e. 
knowing that an odoriferous substance is present; and recogni-
tion, i.e. identifying the substances. As may be expected, the 
threshold for detection is much lower than the threshold for 

Fig. 13.13.4: Schematic representation of major olfactory pathways: 
(1) Projection to the limbic system and paleocortex. (2) Projection 
to the neocortex.
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recognition. In other words, at very low concentration it is only 
possible to say that something is smelling. It is only when the 
concentration is increased signifi cantly that one can say what is 
smelling.

TRANSDUCTION, CODING AND PERCEPTION
Odoriferous substances are volatile; that is why their vapours 
can travel long distances and climb through the nasal cavity. 
In addition, they are soluble both in water and fat. Water solu-
bility helps the odoriferous substance dissolve in mucus; lipid 
solubility possibly helps its interaction with the sensory cell 
membrane. After dissolving in the layer of mucus, the odor-
iferous chemical combines with the specifi c receptor (recog-
nition site) on the cilia of the sensory cells. Odour receptors 
are G-protein coupled receptors. Receptor-ligand interaction 
results in opening up of ionic channels in the cilia leading to a 
depolarizing receptor potential. Olfactory neurons show some 
action potentials even at rest. A depolarizing receptor potential 
increases the frequency of these action potentials. The intensity 
of the stimulus is coded in terms of the magnitude of the recep-
tor potential, which in turn is coded in terms of the frequency 
of action potentials.
 It has been estimated that human beings can discri mi nate 
between about 10,000 different odours. The number of axons 
leaving the olfactory epithelium is about 10 million. These 
axons belong to about 1000 different types of olfactory neuron 
or sensory cells. Each type of olfactory neurons differs in the 
type of receptor it has. Each receptor is a specifi c recognition 
site for a particular molecular confi guration of odoriferous sub-
stances. Each olfactory neuron bears only one type of recep-
tor. Different types of receptors are randomly distributed in 
the olfactory mucosa. But after the axons of the sensory cells 
have entered the brain, they rearrange themselves so that each 
glomerulus has axons bringing information from only one type 
of receptor (Fig. 13.13.5). Interestingly, about 10,000 axons 
converge on each glomerulus. Hence for 10 million axons 
there are about 1,000 glomeruli. Thus, there is one glomeru-
lus corresponding to each receptor type. Each glomerulus may 
be excepted to give rise to a labelled line all the way upto the 
olfactory area in the cerebral cortex. How 1,000 labelled lines 
can enable a person to discriminate 10,000 odours is not dif-
fi cult to explain. The fi nal discrimination would depend on the 
proportion in which each of the 1,000 lines are activated by a 
particular stimulus. As in case of taste, the neocortical pathway 
is possibly concerned with conscious perception of smell, while 
the limbic pathway is responsible for the emotional responses 
to smell and integration of olfactory stimuli with feeding and 
reproductive behaviour.
 Here a contrast with vision and somesthetic senses may be 
pointed out. In those senses, the ascending pathway and cor-
tical representation show an orderly organization in terms of 
the visual fi eld or body surface, thereby enabling us to localize 
the stimulus. But in case of smell, neighbouring regions of the 
pathway represent different types of smell. That is why smell 
cannot be localized except by turning the head and fi nding 
what orientation of the nose results in the strongest smell.
 A study of general and special senses shows a remarkable 
similarity in mechanisms by which the quality and intensity 

Fig. 13.13.5: Olfactory neurons bearing different types of receptors 
are randomly distributed in the olfactory mucosa. This is indicated 
in the diagram by the random distribution of differently shaded 
axons as they enter the brain through the cribriform plate. But in 
the olfactory bulb the axons rearrange themselves so that axons 
bringing information from each specifi c type of receptor converge 
on one glomerulus.
 The diagram is highly simplifi ed. Although the type of axons shown 
are only three, in fact there are 1,000 different types. Although the 
number of axons converging on each glomerulus shown here is only 
three, the actual number is 10,000.

of a stimulus are coded, the pathways taken by the signals for 
refl ex responses, for affective reactions and for conscious per-
ception. The few differences we fi nd can be logically related to 
the special nature of the stimulus in question.

QUESTIONS AND PROBLEMS
1. How does sniffi ng (taking a short sharp breath) help the act 

of smelling?
2. Information about stimulation of olfactory mucosa:
 A. travels in the olfactory tract
 B. does not relay in the thalamus
 C. projects to the prepyriform cortex
 D. has important interactions with feeding and reproduc-

tive behaviour
 E. has enormous survival value for human beings

ANSWERS AND SOLUTIONS
1. Sniffi ng helps because olfactory mucosa is confi ned to the 

upper parts of the nasal cavity. During quiet breathing, air 
does not reach as high as the olfactory mucosa

2. A. True
 B. False. Previously it was thought that olfactory stimuli 

do not relay in the thalamus. But now a relay station 
in the medial dorsal nucleus of the thalamus has been 
demonstrated.

 C. True
 D. True
 E. False. The sense of smell is important for survival in sev-

eral species but not in human beings.
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14.1
Getting Introduced to 
Motor Mechanisms

Motor functions of the nervous system generally refer to con-
trol of skeletal muscle activity by the nervous system. We 
have already learnt that skeletal muscles are supplied by nerve 
fi bres originating in the anterior column of the spinal cord 
(Section 11). The anterior column motor cells, also called alpha 
motor neurons, are the fi nal common pathway for mediating 
neural infl uences to skeletal muscle. In this chapter we shall 
examine what those infl uences are, and how they operate.
 Normal skeletal muscle activity always has a purpose. The 
purpose may be locomotion, communication (speech or ges-
tures), reading (eye movements), temperature regulation (shiv-
ering) or maintenance of balance or posture. The simplest of 
these activities are refl exes (e.g. maintenance of balance and 
posture, shivering). The most complex muscular activities 
are voluntary throughout (e.g. playing a musical instrument). 
Several rhythmic activities lie between these two extremes. For 
example, walking, running or chewing start and stop voluntar-
ily, but between the beginning and end they become mecha-
nical, almost like a refl ex. The mechanisms underlying these 
various activities are also accordingly different.
 The lowest level of the central nervous system from where 
skeletal muscle activity is controlled is the spinal cord. Spinal 
cord mechanisms are subject to infl uences from the brain stem. 
Still higher infl uences arise from the cerebral cortex which 
affects spinal cord mechanisms directly, and also indirectly via 
the brain stem. In addition, basal ganglia and cerebellum also 
affect the brain stem and cortical motor mechanisms in very 
important ways (Fig. 14.1.1).
 It is essential to keep in mind that motor functions cannot 
go on normally without inputs from the sensory system. For 
maintenance of balance and posture information about posi-
tion and orientation of the body arising from muscle and joint 
receptors and the vestibular apparatus is essential. For smooth 
performance of voluntary movements also, sensory information 
about the environment as perceived by the eyes, ears and skin 
receptors is important, as is the continuous information about 
the degree of contraction of different muscles. For example, if 
we wish to pick up a pen, the eyes tell us where the pen is. That 
information is of obvious importance for moving the hand in 
the right direction. As the hand approaches the pen, continuous 
information from the muscles and joints involved tells the cen-
tral nervous system how much of the necessary movement has 

Fig. 14.1.1: Essential features of neural control of motor functions. 
All higher regions infl uence muscle activity by infl uencing the alpha 
and gamma motor neurons in the spinal cord. Note that all regions 
involved in motor function send information to the thalamus, and 
through the thalamus to the cerebral cortex. Also note that the basal 
ganglia receive sensory input only indirectly from the cerebral cortex. 
Further, the basal ganglia and thalamus do not infl uence the brain 
stem or spinal cord directly. They do so only indirectly through the 
cerebral cortex.

been performed, and how much remains. Accordingly, there is 
a moment-to-moment change in the intensity of contraction of 
the muscles involved. That is why the hand approaches the pen 
smoothly and the pen is picked up without any diffi culty. The 
information from muscles and joints is so reliable that once the 
pen has been seen and mental image of its position formed, the 
pen can be approached and picked up with amazing accuracy 
even with the eyes closed. You may try doing so just now to 
make sure that the book is right!
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SPINAL MOTOR MECHANISMS

Spinal refl exes are the basic mechanisms involved in motor 
function. Higher control of these basic mechanisms leads to 
complex motor behaviour. Stretch refl ex is the simplest spinal 
reflex, and yet the most essential reflex for normal motor 
activity.

Stretch Refl ex
If a skeletal muscle is stretched, it responds by contracting. In 
other words, if a muscle is stretched, it tends to become shorter 
and more stiff, thereby resisting the stretch. This is because of 
receptors sensitive to stretch within the muscle. Stretch recep-
tors within a muscle are called muscle spindles (Fig. 14.1.2).
 A muscle spindle consists of a bundle of specialized muscle 
fi bres, called intrafusal fi bres (because they are within the 
spindle). The central part of intrafusal fi bres is non-contractile. 
It is the non-contractile central part of the spindle which is sen-
sitive to stretch (Fig. 14.1.3). A muscle spindle has afferent as 
well as efferent nerve supply. The afferent nerve fi bres inner-
vate the central part of the spindle. The afferents are of two 
types: faster conducting group Ia fi bres, and somewhat slower 
conducting group II fi bres. The efferent nerve fi bres originate 
in gamma motor neurons in the anterior column of the spinal 
cord. The efferents supply the contractile part of intrafusal 
fi bres.

Refl ex Arc for the Stretch Refl ex
When a muscle is stretched, the spindles within it also get 
stretched. Stretching of the muscle spindles increases the affer-
ent nerve activity from the muscle spindles. The increased 
activity is conveyed monosynaptically to alpha motor neurones 
supplying the muscle. Stimulation of the alpha motor neurons 
leads to contraction of the muscle (Fig. 14.1.4). Stretch refl ex is 
the only known example of a monosynaptic refl ex.
 Depending on the type of afferent stimulated, stretch leads 
to two types of responses. One group of afferents respond pri-
marily to the rate of change in the spindle length (dynamic 
response).
 The other group of afferents respond to the absolute length 
of the spindle (static response). The dynamic response makes 

Fig. 14.1.2: Schematic diagram showing the 
orientation of muscle spindles in a skeletal 
muscle. A. Note that the intrafusal muscle fi bres 
are parallel to the extrafusal muscle fi bres. This 
relationship has been shown more clearly in B.

Fig. 14.1.3: Diagrammatic representation of the afferent and efferent 
nerve supply of muscle spindles.

the spindle very sensitive to even small changes in length. The 
static response ensures continuation of the afferent discharge 
(Fig. 14.1.5).

Role of Gamma Motor Neurons
As discussed above, the reflex arc for the stretch reflex 
involves only alpha motor neurons, which supply the ordi-
nary extrafusal muscle fi bres. The role of gamma motor neu-
rons, which supply the intrafusal muscle fi bres, will become 
clear once we realize a serious limitation of the spinal stretch 
refl ex. Stretch of a muscle leads to its contraction. Contraction 
of the muscle relieves the stretch on the spindle (Fig. 14.1.6). 
The refl ex is terminated, and the muscle relaxes. If the original 
stretch is continuing, the stretch refl ex will be activated again, 
leading to a second contraction. Thus even a sustained stretch 
will produce only alternating contraction and relaxation. But 
this is not what the body needs. When we stand, the antigrav-
ity muscles get stretched. The stretch leads to a contraction of 
these muscles. Contraction of the antigravity muscles helps 
in maintaining the standing posture. But continuous standing 
is possible because contraction of antigravity muscles is con-
tinuous. Alternate contraction and relaxation of muscles will 
not be able to sustain a steady standing posture. Continuous 
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contraction is made possible by activation of gamma motor 
neurons.1

 Gamma motor neurons supply intrafusal muscle fi bres. 
Activation of gamma motor neurons leads to a contraction of 
intrafusal muscle fi bres. Contraction of these muscle fi bres 
stretches the central region of the spindle. Thus the contraction 
of intrafusal muscle fi bres has an effect on the spindle which 
is opposite that of contraction of the extrafusal muscle fi bres 
(Fig. 14.1.7). Therefore, if gamma motor neurons are activated 
when the stretch on the spindle is beginning to get relaxed due 
to contraction of extrafusal muscle fi bres, the stretch will not 
get relaxed. If the stretch becomes continuous, the contraction 
of extrafusal muscle fi bres becomes continuous.
 The question then arises as to how the gamma motor neu-
rons know when to get activated. The spinal stretch refl ex acti-
vates only the alpha motor neurons (Fig. 14.1.4). But infor-
mation from the muscle also travels simul taneously to higher 
regions of the nervous system which can infl uence gamma as 
well as alpha motor neurons.

Fig. 14.1.4: Refl ex arc for the stretch refl ex.

Fig. 14.1.5: Dynamic and static responses of afferent fi bres to stretch and release of a muscle (Adapted from Matthews PBC, Physiol Rev 
1964;44:219-88).

 It has been found that stimulation of the motor cortex and 
other higher centres typically leads to simultaneous activation 
of alpha and gamma motor neurons. This pattern of fi ring is 
called alpha-gamma coactivation. The above discussion makes 
it clear that alpha-gamma coactivation can produce sustained 
contraction of a muscle.

Stretch Refl ex as a Control System
Stretch refl ex is a control system operating on the basis of 
negative feedback. Stretching a muscle increases its length. 
The increase in length is detected by muscle spindles. The 
muscle spindles convey this information to the spinal cord. The 
response is an increase in alpha motor neuron discharge, which 
leads to contraction of the muscle. Contraction is a decrease in 
the length. Thus the increase in length is corrected.
 But in practice stretch refl ex is a more complex control 
system than this. First, its sensitivity (or gain) is not fi xed. 
Activation of gamma motor neurons leads to contraction of 
intrafusal muscle fi bres. Contraction of intrafusal muscle fi bres 

1 Contraction may not continue till the person is standing. After some time the set point of muscle length readjusts to the length required for standing.
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Fig. 14.1.6: Limitation of the stretch refl ex. A. State of the muscle. B. Diagrammatic representation of extrafusal and intrafusal muscle 
fi bres. C. Ia afferent discharge. 1. Muscle at resting length. 2. Stretched muscle. 3. Contracted muscle. Note that the stretch on the muscle 
spindle is relieved as a result of muscular contraction. 4. Muscle returns to resting length. To learn how this limitation of the stretch refl ex is 
overcome in the body, see text and Figure 14.1.7.

Fig. 14.1.7: A. Simplifi ed view of the refl ex arc for stretch refl ex. B. Response to stretch if only the alpha motor neuron is active. The extrafusal 
muscle contracts, relieving the stretch on the muscle spindle. But this is not what actually happens. C. The actual response. Although the 
refl ex arc activates only the alpha motor neuron, higher regions simultaneously activate also the gamma motor neuron. The result is that 
intrafusal muscle fi bres also contract, leading to sustained stretch on the muscle spindle.

stretches the central part of the spindle. The stretch makes the 
spindle more sensitive to further stretch. Thus gamma activa-
tion can increase the sensitivity (gain) of the control system. 
Second, the set point of the control system is also not fi xed. 
The length which the control system may treat as the set point 
changes with the posture. In terms of mechanism, the desired 
muscle length (set point) of a muscle in a given posture is 
determined by the net facilitatory and inhibitory infl uen ces on 
the alpha motor neurons supplying the muscle. The facilitatory 
and inhibitory infl uences originate in higher regions of the cen-
tral nervous system, about which we shall learn in the subse-
quent sections.

Functional Role of The Stretch Refl ex

Stretch refl ex has two principal functions:
a. To maintain muscle tone. Tone is the tendency of a muscle 

to resist being stretched. Muscle tone is not only important 
for maintaining posture but also facilitates locomotion and 
makes all voluntary movements smooth.

b. To make muscles respond to stretch and release. Stretch 
refl ex makes a muscle respond to stretch by contraction 
and to release by relaxation. Both these responses, which 
oppose the triggering stimulus, help make voluntary move-
ments smooth and graceful.
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Inhibitory Interneurons
Muscles act to produce movement at joints. While one set 
of muscles produce fl exion, another set produces extension. 
These two sets are said to be antagonistic (opposed) to each 
other. Contraction of a muscle cannot have its full effect unless 
its antagonistic muscle relaxes (Fig. 14.1.8). When a muscle 
contracts, simultaneous relaxation of its antagonist is ensured 
by inhibitory interneurons. This general principle has been 
illustrated by the action of inhibitory interneurons which relax 
antagonistic muscles during the stretch refl ex (Fig. 14.1.9).

Golgi Tendon Organs
Golgi tendon organs are receptors sensitive to tension and are 
located in muscle tendons. When a muscle contracts, it pulls on 
the tendon. That increases the tension acting on Golgi tendon 
organs. As a result, the Golgi tendon afferents, which are inner-
vated by Ib type of nerve fi bres, get stimulated. Stimulation 
of Golgi tendon organs leads to relaxation of the contracting 
muscle. The relaxation is brought about by inhibitory interneu-
rons (Fig. 14.1.10). In this way, Golgi tendon organs prevent a 
muscle from acting too strongly.
 You might have observed two essential differences between 
muscle spindles and Golgi tendon organs:
a. Muscle spindles detect change in length of a muscle while 

Golgi tendon organs detect change in tension.
b. Stimulation of muscle spindles leads to contraction of the 

muscle whereas stimulation of Golgi tendon organs leads to 
relaxation of the muscle.

 Although Golgi tendon organs seem to be opposed to the 
action of muscle spindles, it is not actually so. Stretching a 
muscle stretches mainly the muscle spindles. Conversely, 
contraction of a muscle makes the spindles lax but increases 
tension on the Golgi tendon organs (Fig. 14.1.11). Therefore, 
the response to a change in muscle length or tension is similar 
from both types of receptors.

Renshaw Cells
Renshaw cells are inhibitory interneurons which are activated 
by collaterals from alpha motor neurons. They inhibit the same 
motor neuron which activates them (Fig. 14.1.12). Therefore, 
when a motor neuron is activated, Renshaw cells prevent it 

Fig. 14.1.8: In order to bend (fl ex) the limb, muscle A should contract 
and muscle B should relax. To straighten (extend) the limb, muscle 
B should contract and muscle A should relax. Muscles A and B are 
called antagonistic muscles.

Fig. 14.1.9: When muscle A is stretched, the stretch refl ex leads to 
its contraction. Simultaneously its antagonist muscle B relaxes due 
to activation of an inhibitory interneuron.

Fig. 14.1.10: Refl ex arc for the Golgi tendon organ refl ex.

from getting too active. Conversely, when the activity of a 
motor neuron is very low, Renshaw cells tend to activate it. This 
is a typical negative feedback control system. Thus Renshaw 
cells help stabilize the activity of motor neurons, and through 
them, the degree of contraction of muscles. Stabilization of 
muscle contraction, in turn, stabilizes the joints.

Flexion Refl ex
Flexion refl ex is a typical protective refl ex. A painful stimu-
lus applied to the hand or foot results in withdrawal of the 
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Fig. 14.1.11: Diagrammatic represen tation of the effect of contraction 
of a muscle on the muscle spindles and Golgi tendon organs. Note 
that muscle contrac tion reduces tension on the spindles but increases 
it on the Golgi tendon organs. This happens due to two factors: (a) 
In isometric contraction the origin and insertion of the muscle remain 
a fi xed distance apart. Therefore the length of muscle + tendons 
does not change during contraction. Since the muscle contracts, the 
tendons get stretched. (b) The Golgi tendon organs are in series with, 
while muscle spindles are parallel to, the extrafusal muscle fi bres.

limb. Withdrawal involves flexion of the limb. Therefore 
the reflex is called flexion reflex. Flexion results from 
contraction of flexor muscles and relaxation of extensor 
muscles. Simultaneous contraction of flexors and relaxa-
tion of extensors is brought about by reciprocal innervation 
(Fig. 14.1.13).

Crossed Extension Refl ex
It is observed that whenever the fl exion refl ex is elicited in 
a limb, the other limb undergoes extension. This is called 
crossed extension refl ex. The neuronal circuitry responsible for 
the crossed extension refl ex is as shown in Figure 14.1.14. If 
you try to visualize a combination of fl exion and crossed exten-
sion refl exes, you would realize that the latter tends to stabilize 
the posture.
 The neuronal circuitry employed for fl exion and crossed 
extensor refl exes is not only used for the protective refl ex but 
also for rhythmic movements such as walking. For that pur-
pose, the spinal circuitry is further infl uenced by higher regions 
of the central nervous system.

Fig. 14.1.12: Recurrent inhibition of a motor neuron by a Renshaw cell.

Fig. 14.1.13: Refl ex arc for the fl exion refl ex. A noxious stimulus on 
the skin of a limb leads to contraction of the fl exor and relaxation of 
the extensor of that limb.

Fig. 14.1.14: Refl ex arc for the crossed extension refl ex. A noxious 
stimulus on the skin of the left leg leads to contraction of its fl exor and 
relaxation of its extensor muscles (i.e. the left leg undergoes fl exion). 
In the right leg, the extensor contracts and the fl exor muscle relaxes 
(i.e. the right leg undergoes extension).

SPINAL SHOCK

Injury to the spinal cord is not uncommon in accidents involv-
ing the vertebral column. In case of complete transection of the 
spinal cord, the clinical picture immediately after the accident 
is quite different from that a few months later. Immediately 
after the accident, the person is said to be in state of ‘spinal 
shock’. Spinal shock is characterized by:
a. Marked suppression or complete absence of all refl exes 

below the level of transection.
b. Flaccid paralysis of muscles innervated from nerve roots 

below the level of transection.
c. Loss of sensation in dermatomes below the level of 

transection.
 The state of spinal shock persists at least for 2 weeks, but 
often for a few months. After that, gradually the refl exes return, 
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and are exaggerated. The paralysed muscles start recovering 
tone, and become hypertonic.
 Spinal shock is due to the sudden withdrawal of supraspi-
nal infl uences on the motor neurons. It is not due to irritation 
produced by the injury. Several factors may contribute to the 
exaggerated spinal refl exes and hypertonia after recovery from 
spinal shock. It may be due to denervation sensitivity, possibly 
secondary to increase in the number of postsynaptic receptors. 
It may also be due to sprouting of new additional connections 
between sensory neurons and motor neurons, which may take 
over, however imperfectly, some of the facilitatory function of 
supraspinal infl uences.
 The duration of spinal shock is related to the place of the 
animal in the phylogenetic scale. It is the longest in man. In 
cats, and dogs, it lasts for only a few hours, and in frogs only 
a few minutes. It seems the more highly evolved the species, 
the more it is dependent on supraspinal structures for motor 
function.

QUESTION AND PROBLEM

1. What are tendon jerks and what is their physiological
basis?

ANSWER AND SOLUTION
1. Tendon jerks are so called because they are elicited by tap-

ping a tendon. For example, tapping the tendon of the quad-
riceps muscle leads to refl ex contraction of the quadriceps, 
which results in extension of the knee (knee jerk refl ex). 
But the receptors for these refl exes are not in the tendon. 
Tapping the tendon stretches the muscle, which in turn stim-
ulates the stretch receptors in the muscle. Stimulation of 
stretch receptors brings about contraction of the muscle via 
the stretch refl ex. In short, the physiological basis of tendon 
jerks is the monosynaptic stretch refl ex.
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14.2
From Refl ex

Action to Locomotion

Refl ex action is considered to be an elementary unit of motor 
behaviour. But it still strains our imagination beyond reasona-
ble limits to link jerky, apparently inconsequential refl ex move-
ments with coordinated, smooth, purposive movements. A 
group of movements, somewhere between these two extremes, 
are called fi xed-action patterns. The term fi xed-action pattern 
was coined by Konrad Lorenz in 1950. A fi xed-action pattern 
goes beyond a refl ex action in complexity with respect to both 
the initiating stimulus and the motor output. While a refl ex 
action is triggered only by a sensory input, a fi xed-action pat-
tern may be generated internally, i.e. it may be instinctual. The 
output of a fi xed-action pattern is coordinated, graded in inten-
sity and purposive in character.
 As indicated earlier, neural control of motor function is 
organized in terms of a hierarchy of levels (Fig. 14.1.1). The 
fi rst level of this hierarchy is the central pattern generator in 
the spinal cord. A neural network capable of generating coor-
dinated rhythmic movements exists even in the spinal cord. 
However, this role of the spinal cord is normally obscured by 
the dominant infl uence of higher neural structures. Some idea 
of the contribution of different levels in the hierarchy may be 
obtained by making lesions which allow higher neural infl u-
ences to act on the spinal cord from certain levels, such as the 
brainstem, but not from further higher levels. These were the 
type of classical experiments done by Sherrington which led 
to the observation of simple refl ex move ments, which seem far 
better organized and more obviously purposive than the spinal 
refl exes. In this chapter we shall study some such refl exes, 
and then go on to the role of the cerebral cortex in making the 
movements voluntary and also better organized. However, it 
should be kept in mind that optimum motor function depends 
on sensory feedback at several levels. The feedback is from 
the periphery regarding the need for movement, the degree of 
movement completed, and the effect of the movement on the 
environment. The feedback is also from the spinal cord, brain-
stem, cerebellum, basal ganglia, and the cerebral cortex itself. 
Thus smooth movements depend on an intimate sensory-motor 
coordination.

BRAINSTEM MOTOR MECHANISMS
The higher regions of the central nervous system which infl u-
ence spinal motor mechanisms are arranged in a roughly 

hierarchical fashion. The lowest among these higher regions 
is the brainstem. The brainstem mediates refl exes which coor-
dinate movements of the head and eyes, and serve to stabilize 
the posture during movement. In addition, the brainstem also 
mediates the infl uences of still higher regions of the nervous 
system. We shall discuss here only a few examples of the con-
tribution of brainstem mechanisms to regulation of posture and 
movement.

Vestibular and Neck Refl exes
Vestibular refl exes arise in the vestibular apparatus, which is a 
part of the inner ear. Neck refl exes originate in the muscle and 
joint receptors in the neck. Before going into these refl exes, we 
shall talk briefl y about the vestibular apparatus.

Vestibular Apparatus
The inner ear consists of the organ of hearing (cochlea) and the 
vestibular apparatus (Chapter 13.11), often called just the ves-
tibule. The vestibule consists of the otolith organs (saccule and 
utricle) and semicircular canals (Fig. 14.2.1). The sensory cells 
in the vestibule also are hair cells similar to those in the coch-
lea. The hair cells of the saccule and utricle respond to linear 
acceleration and to change in the position of the head, while 
those of semicircular canals respond to angular acceleration.

Vestibular Refl exes
Tilting the head forward without bending the neck leads to 
contraction of dorsal neck muscles. That stabilizes the neck 
and tends to keep the orientation of the head vertical.

Fig. 14.2.1: A schematic diagram of the vestibular apparatus and 
cochlea Only the membranous labyrinth has been shown. SCC, 
semicircular canal.
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 During a free fall, vestibular refl exes ensure that upper 
limbs are extended and lower limbs are fl exed. These responses 
reduce the chances of injury.
 During linear or rotatory motion, vestibular refl exes lead to 
movement of the eyeballs so that an object can be followed for 
a reasonable distance. When it becomes impossible to follow 
that object, eyes suddenly shift their focus to a new object.

Neck Refl exes
Bending or rotating the neck towards one side leads to contrac-
tion of neck muscles on the other side. It also leads to exten-
sion of the arm and leg on the same side (ipsilateral limbs) and 
fl exion of the arm and leg on the opposite side (contralateral 
limbs).
 In humans, bending the neck backwards produces refl ex 
extension of arms and legs. Bending the neck forwards pro-
duces fl exion of arms and legs. In animals, the responses are 
somewhat different. However, to observe these refl exes, higher 
neural control has to be removed as can happen in injuries in 
humans, or can be done experimentally in animals.

Pathways for Vestibular and Neck Refl exes
Impulses from vestibular receptors or muscle and joint recep-
tors in the neck reach the brainstem. After processing in the 
brainstem, descending pathways (vestibulospinal and reticu-
lospinal tracts) convey the message to motor neurons in the 
spinal cord.
 Although vestibular and neck refl exes have been described 
separately, in practice both may be activated simultaneously. 
Further, in an intact animal, higher neural infl uences modify 
the basic brainstem refl exes.

Reticular Formation
The central core of the brainstem has a dense network of neu-
rons called the reticular formation (RF). RF has both ascending 
and descending pathways. Here we are concerned primarily 
with the descending infl uences of RF.1 The pontine RF is rela-
tively medial and has a facilitatory infl uence on motor neurons. 
The medullary RF is relatively lateral and has a predominantly 
inhibitory infl uence on motor neurons.

Decerebrate Rigidity
Brainstem mechanisms have been studied experi mentally in 
animals whose brain has been sectioned above the vestibu-
lar nuclei but below the red nucleus. Such a section can be 
achieved by making a cut between the superior and inferior 
colliculi (intercollicular transection). On making such a cut, the 
animal exhibits what is called decerebrate rigidity. Decerebrate 
rigidity was fi rst described by Sherrington in 1896.
 An animal with decrebrate rigidity has increase in muscle 
tone of the extensors of all limbs (Fig. 14.2.2). Such an animal 
can stand unsupported on a stable surface.
 Human patients with decerebrate rigidity show an increase 
in extensor tone but not the characteristic posture.

Mechanism of Decerebrate Rigidity

Decerebrate rigidity is due to exaggerated stretch refl exes orig-
inating in the extensors. It is a combination of:
a. Uninhibited activity of vestibulospinal tract and pontine RF. 

Both these pathways have a facilitatory infl uence on alpha 
and gamma motor neurons of extensors.

b. Removal of the inhibition of extensor motor neurons by the 
higher centres, specially the red nucleus.

CORTICAL MOTOR MECHANISMS
Cortical motor mechanisms are involved in voluntary move-
ments, i.e. movements which are under the control of will 
power. These movements involve a conscious decision, or a 
thought, that “I want to perform this movement”. The thought 
may be triggered by an object which we wish to approach. 
Thus voluntary movements have up to three components:
a. target identifi cation, i.e. determining the goal or purpose of 

movement,
b. plan of action, i.e. programming the sequence of move-

ments, and
c. execution, i.e. actually performing the movement.
 These three components are handled by three neighbouring 
areas of the cortex: the posterior parietal cortex, premotor areas 
and primary motor cortex (Fig. 14.2.3).

Posterior Parietal Cortex
The posterior parietal cortex receives afferents from the sen-
sory cortex, from vestibular system, from the visual associa-
tion cortex and from the auditory association cortex. Thus it 
receives a wide variety of sensory information. Its function is 
to direct attention to a chosen sensory stimulus. By directing 
attention, it leads to identifi cation of the target of movement.
 The posterior parietal cortex also receives afferents from 
the cingulate cortex, which is a part of the limbic system 
(chapter 15.2). It is possibly through these connections that 
emotions or motivation affect voluntary movements.
 The posterior parietal lobe sends efferents to the premotor 
cortex, which programs the movements. In turn, the posterior 
parietal lobe also receives afferents from the premotor cortex 
as feedback.

1
 The ascending reticular formation will be discussed in Chapter 16.2.

Fig. 14.2.2: The posture of a cat having decerebrate rigidity.
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Premotor Cortical Areas
There are two premotor areas: fi rst the supplementary motor 
area, also called the secondary motor cortex or M II; and 
second, the premotor cortex. Premotor areas receive afferents 
from the posterior lobe. On the basis of information about the 
target received from there, the premotor areas program the 
sequence of movements. Premotor cortical areas also coordi-
nate movements of the two sides of the body.
 The efferents from premotor areas project to the primary 
motor cortex and also to the brainstem and spinal cord.

Primary Motor Cortex
Primary motor cortex is located in the precentral gyrus. 
Stimulation of points in the primary motor cortex leads to 
movement of a well defi ned part of the body. On the basis of 
such experiments, a topographical map of the primary motor 
cortex has been worked out. The movements of jaws and other 
neighbouring areas are initiated lower down while movements 
of legs are initiated in the upper part of the primary motor 
cortex. Thus, as in the sensory cortex, in the motor cortex also, 
the body is represented upside down (Fig. 14.2.4). Also, as in 
the sensory cortex, parts with fi ne movements (e.g. fi ngers) 
have a much bigger representation than regions with coarse 
movements (e.g. trunk). Further, stimulation of the right motor 
cortex leads to movements on the left side of the body. Thus the 
control of movements by the cortex is contralateral. The poste-
rior parietal lobe and premotor cortical areas also have a topo-
graphical representation (Fig. 14.2.4). Connections between 
the three cortical areas concerned with different aspects of 
motor function are predominantly between parts representing 
corresponding regions of the body. That is, the arm area of the 
posterior parietal lobe projects predominantly to the arm area 
of the premotor cortex which, in turn, projects to the arm area 
of the primary motor cortex.
 The primary motor cortex receives afferents not only from 
the premotor cortical areas but also from the sensory cortex, 
thalamus, cerebellum and basal ganglia.
 The primary motor cortex sends efferents to the brainstem 
and also to alpha and gamma motor neurons of the spinal cord.

Overview of Cortical Motor Mechanisms
Cortical motor mechanisms are concerned with voluntary 
movements. The process may be initiated by the intention to 

Fig. 14.2.3: The three principal areas of the cerebral cortex 
involved in motor functions.

Fig. 14.2.4: Topographic representation of the body in primary motor 
area, supplementary motor area and premotor cortex.

approach an object. The attention is fi xed on the object, and its 
position with respect to the body is registered in the posterior 
parietal lobe. The information is transmitted to the premotor 
cortical areas.
 Premotor cortex is the region where the sequence of motor 
activity is programmed. The program is trans mitted to the pri-
mary motor cortex. The primary motor cortex executes the 
program by activating appropriate alpha motor neurons. As the 
movement continues, moment to moment information from 
muscles and joints is also provided to the motor cortex. On the 
basis of this information, the movement is guided accurately 
and terminated at the right moment.

DESCENDING MOTOR PATHWAYS
The higher centers of the brain can infl uence the spinal cord 
motor mechanisms by influencing the alpha motor neuron 
activity either directly, or indirectly by modulation of other 
neurons in the spinal cord, specially interneurons and gamma 
motor neurons. The fi nal effect of the descending fi bers on the 
fi nal common pathway, the alpha motor neuron, will depend on 
the pre-existing level of excitability and background excitation 
of the alpha motor neuron. This is in turn affected by all the 
infl uences converging on the alpha motor neuron, as already 
been discussed in chapter 14.1.
 Clinically the descending motor pathways are generally 
classifi ed into pyramidal and extra-pyramidal. The pyramidal 
tract includes all the motor fi bers traveling in the pyramids of 
the medulla oblongata. This is irrespective of their site of origin 
or termination. The extra-pyramidal system includes all those 
motor fi bers which do not travel in the medullary pyramids. 
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This classifi cation does not exactly correspond to function. A 
more appropriate physiological classifi cation of descending 
pathways is based on motor organization in the spinal cord and 
the site of termination of these pathways.
 Spinal cord has a topographically orga nized arrange-
ment of motor neurons in columns. There are two groups of 
motoneuron columns, the ventromedial and dor solateral. The 
ventromedial (also called just medial) cell group innervates 
axial and girdle muscles and the dorsolateral (also called just 
lateral) group innervates distal muscles of extremities. This 
topography is also present in the interneuronal projections on 
the motoneurons. Thus, from a functional point of view one 
can consider a lateral system that governs fi nely coordinated 
movements of the extremities, and a medial system that con-
trols coarse trunk and whole limb movements. In addition, the 
descending pathways which terminate on the medial system or 
its associated interneurons are also concerned with controlling 
tone and posture.

Lateral System Pathways
Two major motor pathways terminate on the lateral system of 
neurons, the lateral corticospinal tract and the rubrospinal tract.

Corticospinal Tract
The corticospinal tract contains the axons of the cell bodies of 
neurons which are located primarily in layer V of the motor 
cortex (area 4), sensory cortex (areas 3, 1 and 2). premotor 
cortex (area 6) and supplementary motor and sensory areas. 
The fi ber tracts descend in the posterior limb of the internal 
capsule, the medial two-thirds of the cerebral peduncle and the 
medullary pyramids. Most of the fi bers decussate at the junc-
tion of medulla oblongata and spinal cord and descend in the 
lateral funiculus of the spinal cord where they form the lateral 
corticospinal tract. A small number of fi bers do not cross and 
descend down in the ipsilateral ventral funiculus as the ventral 
(also called anterior) corticospinal tract. As the corticospinal 
tract descends it gives fi bers to the cranial nerve nuclei in the 
brainstem and also collaterals at various levels of the neuraxis 
including the basal ganglia, thalamus and other centers of the 
brainstem. As already discussed, motor areas from where the 
corticospinal tracts arise have a topographical representation 
of the body, the area dedicated to each part being proportional 
to the complexity of the movement rather than the size of that 
part of the body. The salient feature of the corticospinal tract is 
its direct termination on alpha motoneurons. The motor com-
ponent of the corticospinal tract is most highly developed in 
higher species such as the chimpanzee and man which depend 
a lot on the fi ne dexterous movements, especially of the fi ngers 
and toes.

Rubrospinal Tract
This tract arises from both large and small cells of the red 
nucleus present in the midbrain. Here also the body is topo-
graphically represented but not in as discrete and orderly a 
manner as in the precentral gyrus. The rubrospinal tract crosses 
the midline and continues in the lateral funiculus of the cord 
just ventrolateral to the corticospinal tract as a part of lateral 

Fig. 14.2.5: Sites of termination of the two major tracts of the lateral 
system, lateral corticospinal tract and the rubrospinal tract.

system and terminates mainly on the interneurons rather than 
the alpha motoneurons. The rubrospinal tract is in fact cortico 
rubrospinal and has functions similar to those of the corticos-
pinal tracts.
 In short, the lateral system pathway consists of corticospi-
nal and rubrospinal tracts (Fig. 14.2.5). These tracts terminate 
most prominently on the motoneurons innervating the muscles 
of extremities. The corticospinal tract is unique in having sub-
stantial monosynaptic connections with the most dorsolaterally 
located alpha motoneurons innervating the intrinsic muscles of 
digits. This tract is in fact the only descending pathway with 
direct access to the fi nal common path for independent move-
ment of the digits.

Medial System Pathways
A number of descending pathways travel in the ventral funicu-
lus of the spinal cord and preferentially terminate on the ven-
tromedial motoneurons or associated interneurons of the spinal 
cord. These motoneurons innervate the axial and girdle mus-
culature for postural activity. Most prominent among these 
medial system pathways are the vestibulospinal (medial and 
lateral) and reticulospinal (pontine and medullary) tracts.

Vestibulospinal Tracts
They arise from vestibular nuclei of the brain stem, travel 
uncrossed in the ventral funiculus and make monosynaptic 
connections with the ventromedial extensor motoneurons. The 
most important source of input to vestibular nuclei originates 
in the utricle, saccule and semicircular canals of the vestibular 
apparatus. These tracts are probably principally concerned with 
adjustment of body posture in response to linear accelerating 
displacement of the head, and adjustments of the position of 
neck and limbs in response to angular acceleration/decelera tion 
of the body.

Reticulospinal Tracts
They arise from the reticular nuclei of the pons and medulla. 
Like the vestibulospinal tracts, they descend ipsilaterally in 
the ventral funiculus and terminate in the more ventromedial 
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gray matter of the spinal cord. At the level of termination some 
fi bers cross over and end at the contra lateral ventromedial gray 
matter. Like the vestibulospinal tracts, the reticulospinal tracts 
also mediate excitatory infl uences to the proximal extensor 
muscles, primarily through interneurons.
 Thus, in contrast to lateral system pathways, medial system 
pathways originate primarily from the brainstem, traverse in 
the ventral funiculus and distribute preferentially to the ven-
tromedial gray matter (Fig. 14.2.6). Functionally these path-
ways control posture, equilibrium and progression of move-
ment, whereas lateral system pathways control principally 
spatially organized and fractionated movements involving the 
extremities.

Fig. 14.2.6: Sites of termination of major medial system pathways.
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14.3
The Cerebellum and 

Basal Ganglia

The cerebellum and basal ganglia are not serially arranged in 
the hierarchy cortex-brainstem-spinal cord, but contribute in a 
signifi cant way to the refi nement of motor function. When the 
function of these structures is impaired, movement is possible 
but becomes highly imperfect.

THE CEREBELLUM
The cerebellum (cerebellum, a small brain) is a compact part of 
the brain, densely packed with neurons. Its circuitry is amaz-
ingly regular. Its best known function is coordination of move-
ments. It achieves this by getting a moment-by-moment report 
on the state of muscles and joints, and passing on this infor-
mation after appropriate processing to the premotor and motor 
cortex. The result is that the movement executed is not only as 
intended but also smooth, i.e. it is accomplished without trial 
and error.

Functional Anatomy of the Cerebellum
The gross structure of the cerebellum is complex. But from 
the functional point of view, it is enough to know a few major 
divisions.
 The cerebellum is divided by two transverse furrows, or 
grooves, into three lobes: anterior lobe, posterior lobe and fl oc-
culonodular lobe (Fig. 14.3.1). Similarly, longitudinal furrows 
divide it into the midline vermis (literally, a worm) and the left 
and right cerebellar hemispheres (Fig. 14.3.2). Buried deep 
into the cerebellum are its nuclei, which contain most of the 
output neurons of the cerebellum. The nuclei are (from outside 
towards the midline): dentate, emboliform, globose and fas-
tigial (Fig. 14.3.3).
 The microscopic structure of the cerebellum is very neat 
and regular. It consists of a superfi cial cortex and underlying 
white matter. The cortex is arranged into three layers: molecu-
lar layer, Purkinje cell layer and granular layer (Fig. 14.3.4).
 The white matter contains two types of afferent fi bres. 
One of these are the climbing fi bres, which bring information 
only from the inferior olivary nuclei, and establish excitatory 
synapses with Purkinje cells. All the other afferent input into 
the cerebellum is brought by the other type of afferent fi bres, 
which are called mossy fi bres. Mossy fi bres establish excita-
tory synapses with granule cells in the granular cell layer. 

Fig. 14.3.1: The three lobes of the cerebellum.

Fig. 14.3.2: The vermis and cerebellar hemispheres. Each 
hemisphere is further divided, from a functional point of view, into an 
intermediate part and a lateral part.

The axons of granule cells, called parallel fi bres, stimulate the 
Purkinje cells. Thus mossy fi bres, like the climbing fi bres, also 
end up stimulating the Purkinje cells. The parallel fi bres also 
stimulate three types of interneurons: stellate and basket cells 
in the molecular layer, and Golgi cells in the granular layer. 
These interneurons project to several neighbouring Purkinje 
cells, and inhibit them.
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Functions of the Cerebellum

The main functions of the cerebellum are to achieve postural 
stability and to coordinate voluntary move ments. How these 
functions are performed by the cerebellum can be understood 
better by considering one by one the three functional divisions 
of cerebellum (Fig. 14.3.6).

Vestibulocerebellum
This division consists of the fl occulonodular lobe. It is essen-
tially an extension of the vestibular apparatus. It receives affer-
ents from the vestibular apparatus and sends efferents to the 
vestibular nuclei. It works with the vestibular apparatus to:
a. modulate muscular activity so as to achieve postural equi-

librium or balance, and
b. coordinate movements of the eyes with movements of the 

head.

Spinocerebellum
This division consists of the vermis and the intermediate part 
of cerebellar hemispheres. It receives afferent input from:
a. the spinal cord, which provides information about position 

of limbs and degree of contraction of muscles.
b. visual, auditory and vestibular systems, which provide 

information about the environment,

Fig. 14.3.3: The cerebellar nuclei. Dorsal view of the cerebellum 
with the deep nuclei shown as they would look if it was possible to 
see through the substance of the cerebellum. D, dentate nucleus; E, 
emboliform nucleus; G, globose nucleus; F, fastigial nucleus.

Fig. 14.3.4: Schematic diagram showing the neuronal circuitry of the 
cerebellum. The chief inputs into the cerebellum are the climbing and 
mossy fi bers. The climbing fi bers excite the Purkinje cells, as shown 
in case of PC-1. The mossy fi bers excite Purkinje cells via granule 
cell (GR) axons, called parallel fi bers. Note that mossy fi ber-1 also 
excites Golgi cells (GC), basket cells (BC) and stellate cells (SC). 
GC, BC and SC inhibit the neighbouring Purkinje cell, PC-2, directly 
or indirectly. Thus excitation of mossy fi ber-1 not only stimulates 
PC-1 but also inhibits the neighbouring cell PC-2. Besides affecting 
the activity of the chief output neurons of the cerebellar cortex, the 
Purkinje cells, the mossy and climbing fi bers also directly stimulate 
the deep cerebellar nuclei (N). The layers of the cerebellum have 
also been indicated.

 Thus Purkinje cells are stimulated by climbing fi bres and 
mossy fi bres. But when a mossy fi bre is excited, besides stimu-
lating some Purkinje cells, it also inhibits their neighbours by 
stimulating the stellate, basket and Golgi cells. In this way the 
contrast between the stimulated Purkinje cells and the neigh-
bouring unstimu lated cells is increased (Fig. 14.3.5).
 Purkinje cells project to the deep cerebellar nuclei. Purkinje 
cells employ gamma-aminobutyric acid (GABA) as a neu-
rotransmitter, and inhibit the neurons of the deep cerebellar 
nuclei. However, this inhibition is modulated by the stimula-
tory collaterals which the deep nuclei receive from mossy and 
climbing fi bres (Fig. 14.3.4).

Fig. 14.3.5: Inhibition of neighbouring Purkinje cells increases the 
contrast between the stimulated and unstimulated regions of the 
cerebellar cortex.

Fig. 14.3.6: The three functional divisions of cerebellum.
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c. the sensory cortex, which provides still more information 
about the environment, and

d. the primary motor cortex, which provides information 
about the intended sequence of contraction of various muscles.
 Thus the spinocerebellum can compare the present state of 
muscle contraction (achievement) with the desired muscle con-
traction (intention). By comparing the achievement with inten-
tion, the cerebellum can deter mine the error, and hence the cor-
rection to be applied so that the fi nal achievement is exactly the 
same as the intention. Since the position of the moving limb 
changes from moment-to-moment, the cerebellar correction 
also changes continuously. That makes the movement smooth, 
or well coordinated. Further, information about the environ-
ment helps in making the muscular activity more accurate, for 
example, by directing the limb towards the target avoiding any 
obstruction.
 These functions are performed by the cerebellum through 
its efferents which project to the motor cortex, reticular forma-
tion, red nucleus and vestibular nuclei. Through its projections 
specially to the reticular formation and red nucleus, the cer-
ebellum also regulates muscle tone.

Cerebrocerebellum
This division consists of the lateral parts of the cerebellar hem-
ispheres. It is essentially an extension of the cerebral cortex.
 It receives afferents from the sensory cortex, primary motor 
cortex, premotor cortex, and the posterior parietal cortex. It 
sends efferents to the thalamus, premotor cortex and primary 
motor cortex.
 The cerebrocerebellum is believed to process the informa-
tion it receives, and accordingly it modulates the activity of the 
premotor and motor cortex. Thus it plays a role in planning and 
initiation of voluntary movements.

Role of Cerebellum in Motor Learning
There is evidence to indicate that cerebellar circuits can 
undergo sustained functional changes as a result of experience. 
The climbing fi bres play an important role in this process. In a 
new situation, the climbing fi bre activity is high, and it tends to 
reduce mossy fi bre activity. On repeated exposure to the situ-
ation, the mossy fi bre response gets stabilized at the low level 
without an increase in the climbing fi bre activity.
 Cerebellar learning may spare the cerebral cortex during 
learnt movements. That is probably why walking, swimming 
or typing need conscious effort while being learnt. But after 
learning, one can continue these activities mechanically with-
out having to think about them. After learning, the responsibil-
ity for these activities seems to shift more and more to the cer-
ebellum leaving the cerebral cortex free for other tasks. That is 
why a child who is learning to walk has to put all his mind into 
it. Any distraction may make him fall. But an adult can walk 
and perform many other mental activities while continuing to 
walk effortlessly.

Overview
The functions of the cerebellum may be summarized as 
follows:
a. Regulation of tone, posture and equilibrium.

b. Coordination of voluntary movements.
c. Coordination of eye movements.
d. Planning and initiation of movements.
e. Learning frequently performed voluntary movements.

Effects of Cerebellar Lesions
In view of the cerebellar functions discussed above, it is easy 
to explain the following clinical features which are observed in 
patients having cerebellar lesions:
a. Reduction in skeletal muscle tone (hypotonia).
b. Incoordination of voluntary movements (ataxia).
c. Tremors towards the end of a goal-oriented movement 

(Intention tremors).
d. Unstable posture.
e. Walking clumsily with feet widely separated to reduce 

instability (Wide-based ataxic gait).

BASAL GANGLIA
The basal ganglia seem to be a primitive version of the cer-
ebral cortex and are richly connected with it. Like the cerebral 
cortex, basal ganglia have sensory, motor and motivational 
functions. But since it is the motor functions of basal ganglia 
which are most prominent, here we shall concentrate on those.

Structure
The basal ganglia consist of (Fig. 14.3.7):
a. Caudate nucleus
b. Putamen
c. Globus pallidus
d. Subthalamic nucleus
e. Substantia nigra
 Caudate and putamen are together called the straitum, and 
receive most of the afferent input coming to the basal ganglia. 
Globus pallidus and substantia nigra are the principal output 
nuclei, i.e. the efferents arise from these. From this it follows 
that different components of basal ganglia are extensively con-
nected with one another.

Afferent Connections
The striatum (caudate and putamen) receives afferent fi bres 
from all parts of the cerebral cortex (sensory, motor, associa-
tion and limbic cortex). It also receives afferents from the tha-
lamus (Fig. 14.3.8).

Internuclear Connections
Basal ganglia are richly connected with one another as shown 
in Figure 14.3.9.

Efferent Connections
The efferents arise mainly from parts of globus pallidus and 
substantia nigra. The efferents project to the thalamus, and 
from there to the prefrontal cortex, premotor cortex, supple-
mentary motor area and the primary motor cortex. Through the 
motor cortex, basal ganglia project to the brainstem and spinal 
cord via corticobulbar and corticospinal tracts (Fig. 14.3.10). 
There are no direct connections between the brainstem or 
spinal cord and the basal ganglia.
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Functions

The best known functions of basal ganglia are the motor 
functions.

Fig. 14.3.7: The basal ganglia.

Fig. 14.3.8: Afferent connections of the basal ganglia.

Fig. 14.3.9: Internuclear connections of the basal ganglia. Unlabelled 
structures are as in Figure 14.3.8.

Fig. 14.3.10: Efferent connections of the basal ganglia. Unlabelled 
structures are as in Figure 14.3.8.

Motor Functions
On the basis of their connections and also functional studies, 
the motor functions of basal ganglia are thought to be:
a. Selective facilitation of some movements and suppression 

of others.
b. Comparator function, similar to that of the cerebellum. 

Basal ganglia are also in a position to compare intentions 
of the cortex with achievements of the muscles and apply 
appropriate correction.

c. Regulation of muscle tone.
d. Initiation of movements generated by internal cues. In con-

trast with movements such as walking or picking up an 
object, there are movements such as scratching, moving the 
hands over the face, facial expression, etc., which appar-
ently lack any motive. These movements are not conscious 
movements and can be easily observed in every member 
of a group assembled anywhere. You can verify this by 
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observing your friends during a class without making them 
conscious of it. Before you conclude that such movements 
are funny, keep in mind that you make them too! Such inter-
nally generated movements are possibly initiated by the 
basal ganglia.1

e. Control of eye movements.

Other Functions
Although the connections of basal ganglia suggest that they 
possibly have sensory and motivational functions, these are 
not well understood. One function ascribed to them is that of 
geographical memory. This function is not entirely unrelated to 
motor function. It is our memory of ‘maps’ that enables us to 
walk or drive effortlessly on familiar routes, without using our 
conscious mind (i.e. cerebral cortex). Birds can navigate long 
distances in a relatively featureless sky possibly because their 
basal ganglia are specially well developed.

Parkinson’s Disease
The fi rst lessons about basal ganglia were learnt from stud-
ies on patients having Parkinson’s disease, named after James 
Parkinson, the physician who fi rst described it in 1817. One 
thing common to all patients having the disease is a lesion in 
the basal ganglia. Now it is known that the primary defect is 
degeneration of the nerve fi bres connecting substantia nigra 
to the striatum (nigrostriatal pathway). This pathway employs 
dopamine as the neurotransmitter.
 The clinical features of Parkinson’s disease are:
a. Age usually above 50 years.
b. Tremors at rest. The tremors are rhythmic (3-6 times/sec-

ond) and present at rest but disappear when the patient starts 
performing a voluntary movement.2

c. Increase in muscle tone, characteristically called cogwheel 
rigidity.3

d. Lack of spontaneous, internally generated movements, 
called akinesia.

e. Slowness of voluntary movements, called bradykinesia.
f. Shuffl ing gait. The patient stoops forward and walks in 

small and rapid steps. He seems to be chasing his centre of 
gravity.

 The disease is often treated with L-DOPA, which generally 
gives favourable results.

CONCLUSION
The fi nal common pathway for motor function is the alpha 
motor neuron. These neurons are infl uenced by a hierarchy 
of controls (Fig. 14.1.1). First, there are the stretch reflex 
and other spinal refl exes. Next are the brainstem controls. 

Still higher level control is exerted by the cerebral cortex. 
The cerebellum and basal ganglia join hands with the cere-
bral cortex to improve the quality of motor performance and 
to relieve the cerebral cortex of controlling well-learnt motor 
activities.

QUESTIONS AND PROBLEMS
1. What is tone?
2. What is the difference between hypertonia and spasticity?
3. Explain how you can reach the tap in the bathroom even 

with your eyes closed.

ANSWERS AND SOLUTIONS
1. Tone is the resistance which a muscle offers to being 

stretched. If the muscle is stretched forcibly, it tends to 
return to its original length when left free to do so. This 
elastic behaviour is due to two factors. First, there are struc-
tural elastic elements, both in series with and parallel to the 
muscle fi bres. Second, stretching the muscle evokes the 
stretch refl ex, which leads to muscle contraction. Muscle 
contraction, being the opposite of stretching, resists stretch-
ing. While the structural elastic elements are constant, the 
stretch refl ex is subject to modulation by higher centres, 
including the cerebellum and basal ganglia. Therefore, the 
muscle tone is also affected by these infl uences. Further, the 
muscle tone becomes abnormally low (hypotonia) or high 
(hypertonia) in disorders affecting the neural structures 
which regulate it.

2. Hypertonia is a simple increase in muscle tone, whereas 
spasticity is an increase in muscle tone accompanied by 
exaggerated stretch refl exes. Since the stretch refl ex con-
tributes to muscle tone, exaggerated stretch refl exes contrib-
ute to the increased muscle tone in spasticity. Thus, when 
the muscle is stretched rapidly (because eliciting a stretch 
refl ex needs rapid stretching), the exaggerated stretch refl ex 
makes the muscle strongly resist the stretch.

3. Although the tap cannot be seen, memory of its position 
in the bathroom exists. On the basis of this, the premotor 
cortex plans the movement and the primary motor cortex 
executes it. The cerebellum monitors the minute-to-minute 
sensory information from muscles and joints to apply a 
continuous correction so that the movement is smooth and 
in the right direction. If the hand still does not reach the 
tap, but touches a neigbouring object, information from 
the touch receptors helps the premotor cortex plan another 
small movement towards the tap. Execution of this move-
ment makes us reach the tap.

1 In contrast, voluntary movements generated by the external environment, such as walking or picking up an object, are initiated in the cerebral cortex.
2 In contrast, a patient with cerebellar disease has no tremors at rest but gets tremors during a voluntary movement.
3 Imagine the movement of a cogwheel to visualize the features of the rigidity.

14.3.indd   69114.3.indd   691 8/25/2010   11:37:16 AM8/25/2010   11:37:16 AM



SE
C

T
IO

N
 1

4
: 
N

er
vo

u
s 

Sy
st

em
—

M
o
to

r 
Fu

n
ct

io
n
s

692

1. Aminoff MJ (Editor). Electrodiagnosis in clinical Neurology. 
Philadelphia. Elsevier – Churchil Livingstone. 5th Edition 2005.

2. Bloedel JR, Bracho V, Kelly TM, Wu JZ. Substrates for motor 
learning. Does the cerebellum do it all? Ann N Y Acad Sci 1991; 
627: 305-318.

3. Carpenter RHS. Neurophysiology. London: Arnold, 3rd edition, 
1996.

4. Delcomyn F. Foundations of Neurobiology. New York: WH 
Freeman, 1998.

5. Deliagina TG, Orlovsky GN, Zelenin PV, Beloozerova IN. Neural 
bases of postural control. Physiology. 2006;21:216-25.

6. Frackowiak RSJ, Friston KJ, Frith CD, Dolan RJ, Mazziotta JC. 
Human Brain Function. San Diego: Academic Press, 1997.

7. Garwicz M, Ekerot C-F, Jorntell H. Organizational principles of 
cerebellar neuronal circuitry. News Physiol Sci 1998; 13: 26-32.

8. Georgopoulos AP. News in motor cortical physiology. News 
Physiol Sci 1999; 14: 64-68.

9. Hammond C. Cellular and Molecular Neurobiology. San Diego: 
Academic Press, 2nd edition, 2001.

10. Hunt CC. Mammalian muscle spindle: peripheral mechanisms. 
Physiol Rev 1990; 70: 643-663.

11. Isa T, Ohki Y, Alstermark B, Pettersson LG, Sasaki S. Direct and 
indirect cortico-motoneuronal pathways and control of hand/arm 
movements. Physiology. 2007;22:145-52.

BIBLIOGRAPHY
12. Kandel ER, Schwartz JH, Jessell TM (editors). Principles of 

Neural Science. New York: McGraw-Hill, 4th edition, 2000.
13. Kandel ER, Schwartz JH, Jessell TM. Essentials of Neural Science 

and Behavior. East Norwalk: Appleton & Lange, 1995.
14. Keifer J, Houk JC. Motor function of the cerebellorubrospinal 

system. Physiol Rev 1994; 74: 509-542.
15. Kimura J. Electrodiagnosis in diseases of Nerve and Muscle. 

Newyork. Oxford University Press. 3rd edition 2001.
16. Misra UK, Kalita J. Clinical Neurophysiology: nerve conduc-

tion, electromyography and evoked potentials. New Delhi, B.I. 
Churchill, 1999.

17. Misulis KE. Essentials of Clinical Neurophysiology. Boston: 
Butterworth-Heinemann, 2nd edition, 1997.

18. Olanow CW. The scientific basis for the current treatment of 
Parkinson’s disease. Annu Rev Med. 2004;55:41-60.

19. Rossignol S, Dubuc R, Gossard JP. Dynamic sensorimotor inter-
actions in locomotion. Physiol Rev. 2006;86:89-154.

20. Shepherd GM. Neurobiology. New York: Oxford University 
Press, 3rd edition, 1994.

21. Thompson RF. The Brain: a neuroscience primer. New York: WH 
Freeman, 2nd edition, 1993.

22. Youdim MBH, Riederer P. Understanding Parkinson’s disease. Sc 
Amer 1997; 276 (1): 38-45.

14.3.indd   69214.3.indd   692 8/25/2010   11:37:16 AM8/25/2010   11:37:16 AM



15.1.indd   69315.1.indd   693 8/25/2010   11:39:25 AM8/25/2010   11:39:25 AM



15.1.indd   69415.1.indd   694 8/25/2010   11:39:25 AM8/25/2010   11:39:25 AM



15.1
Autonomic

Nervous System

From a functional point of view, central nervous system has 
three main divisions: sensory, motor and moti vational. The 
motor division controls the effector organs of the body: the 
muscles and glands. One segment of the motor division con-
trols the skeletal muscles, and is called the somatic motor 
system. The other segment, which controls smooth muscle, 
cardiac muscle and glands—both endocrine and exocrine, 
may be called autonomic motor system, but is convention-
ally called the autonomic nervous system (ANS). The struc-
tural organization and functional characteristics of the somatic 
and autonomic systems are suffi ciently different to justify this 
classi fi cation of the motor system. The term autonomic refers 
to the fact that organs innervated by the ANS are not entirely 
dependent on nerve supply for their activity, i.e. they have an 
autonomous activity of their own. Innervation by the ANS 
only serves to modulate the activity of these organs. For exam-
ple, the heart continues to beat even after denervation; in fact, 
even some degree of modulation of activity is possible through 
intrinsic mechanisms (How?)1. On the other hand, if the nerve 
supplying a skeletal muscle is cut, the muscle is completely 
and irreversibly paralyzed. The other most signifi cant func-
tional difference between somatic and autonomic systems is 
that skeletal muscles are voluntary while organs innervated by 
ANS are involuntary. It is just as well that the activity of organs 
innervated by ANS is not dependent on our will power. If con-
scious effort were required to beat the heart, to breathe, and to 
digest the food, we would have little time left to attend to any-
thing else. And if, occasionally, we forgot to beat the heart for 
a couple of minutes, we would be no more! The various struc-
tural and functional differences between the somatic and auto-
nomic nervous systems have been summarized in Table 15.1.1.

FUNCTIONAL ANATOMY
A convenient point to start a discussion on the structural 
organization of the ANS is the intermediolateral column of 
the spinal cord and the corresponding group of neurons in 
the brainstem. Neurons of the intermediolateral column, also 
known as the preganglionic neurons, emerge from the spinal 

1 Increased fi lling increases the initial length of muscle fi bres, thereby leading to stronger contraction and hence better emptying (Starling’s law); 
Increased fi lling of the right atrium stretches the SA nodal fi bres increasing their rate of discharge, this increasing the heart rate.

Table 15.1.1: Comparison between somatic 
motor system and autonomic nervous system

 Somatic motor system Autonomic nervous system

Innervates skeletal muscles Innervates smooth muscle,   
cardiac muscle and glands   (endocrine and exocrine)
Final common pathway in the Final common pathway
anterior column of the outside the central nervous
spinal cord system in autonomic ganglia
Well-directed synapse between Non-directed synapse
nerve ending and muscle between nerve ending and
(neuro-muscular junction) the innervated organ
Controls voluntary movements Controls involuntary activities   
(visceral, cardiac and glandular   activity)
Skeletal muscle activity is Activities controlled by
entirely dependent on nerve ANS show considerable
supply autonomy
Activity specifi cally Activity may be generalized
localized to certain muscle
groups

cord and synapse with postganglionic neurons located in auto-
nomic ganglia. Axons of the postganglionic neurons innervate 
the organs supplied by the ANS (Fig. 15.1.1). Intermediolateral 
column cells correspond to the interneurons of the somatic 
nervous system while the postganglionic neurons correspond 
to the anterior column cells or the fi nal common pathway. Only 
the intermediolateral column cells are subject to the direct 
infl uence of higher regions of the nervous system. The freedom 
of the fi nal common pathway of ANS from higher infl uences is 
in keeping with the greater autonomy of the ANS.
 ANS is further divided into two divisions: sympathetic 
and parasympathetic. While the basic structural design of both 
divisions is as outlined above, there are important structural 
and functional differences between them. Sympathetic outfl ow 
originates in the thoracolumbar segments of the spinal cord, 
while parasympathetic outfl ow is craniosacral, i.e. it origi-
nates in the brainstem and sacral segments of the spinal cord. 
Sympathetic ganglia are located in the paravertebral chain 
and in prevertebral ganglia (celiac and hypogastric). Adrenal 
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medulla is structurally and functionally very closely related to 
the sympathetic division of ANS. Parasympathetic ganglia are 
located within or very close to the organ innervated, and hence 
the parasympathetic postganglionic fi bres are extremely short. 
The structural features of sympathetic and parasympathetic 
nervous systems have been depicted in Figure 15.1.2, and 
some features of the two have been compared in Table 15.1.2.

NEUROTRANSMITTERS IN ANS
In both sympathetic and parasympathetic systems the pregan-
glionic neurons employ acetylcholine as the neurotransmitter. 
The postganglionic parasympathetic neurons also employ ace-
tylcholine as the neuro transmitter. The postganglionic sympa-
thetic neurons usually employ noradrenaline as the neurotrans-
mitter. But there are a few notable exceptions. The postgan-
glionic sympathetic neurons innervating sweat glands employ 
acetylcholine as the neurotransmitter. The vasodilator fi bres in 
skeletal muscles are also cholinergic (Fig. 15.1.3).
 The biological effect of a neurotransmitter is the result of 
its interaction with the receptors in the target organ. For both 
acetylcholine and noradrenaline, more than one type of recep-
tors exist in the body.
 There are two type of cholinergic receptors: nicotinic 
and muscarinic. Nicotinic receptors exist in the postsynaptic 

membrane when the presynaptic terminal belongs to a neuron 
the cell body of which is in the central nervous system. Thus 
nicotinic receptors exist in ganglia and in the skeletal muscle 
end plate. Nicotine, in small doses, can mimic the effect of ace-
tylcholine at these sites, but in large doses it blocks the effect of 
acetylcholine. Hexamethonium is also a very effective blocker 
of ganglionic transmission. Muscarinic receptors exist wher-
ever the postganglionic nerve endings release acetylcholine, 
i.e. at the targets of parasympathetic postganglionic nerve end-
ings, and in sweat glands. Muscarinic receptors can be blocked 
by atropine.
 Besides acetylcholine and its analogs, cholinergic stimula-
tion may also be achieved by blockers of acetylcholinesterase. 
By preventing the destruction of acetylcholine, anticholineste-
rases allow the accumulation of endogenous acetylcholine, 
thereby accentuating its effect.
 Adrenergic receptors also fall in two broad categories: 
alpha and beta. Noradrenaline is primarily an alpha stimulator 

Fig. 15.1.1: Somatic and autonomic nervous systems compared.

Fig. 15.1.2: The basic organization of the sympathetic nerves, adrenal 
medulla, and parasympathetic nerves.

Table 15.1.2: Comparison between sympathetic 
and parasympathetic nervous systems

 Sympathetic Parasympathetic

Site of Thoracolumbar Craniosacral (Nuclei of
preganglionic (Segments T1-L3) cranial nerves III, VII, IX
neurons  and X; segments S2-4)
Site of ganglia Paravertebral and Within or very close
 prevertebral ganglia to the organ innervated
Preganglionic Cholinergic Cholinergic
neurons
Postganglionic Adrenergic (Exceptions: Cholinergic
neurons In sweat glands and
 skeletal muscle,
 cholinergic)
Activation In emergencies, When relaxed, and in
 and in REM sleep slow wave sleep
Effects Useful in emergencies Useful at rest
 Substrates mobilised Substrates deposited
 for providing energy for storage
 Catabolic and Anabolic
 thermogenic

Fig. 15.1.3: Neurotransmitters employed by the autonomic nervous 
system, ACh, Acetylcholine; NA, noradrenaline; Adr, adrenaline.
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but does have a little beta receptor activity as well. Adrenaline 
stimulates alpha and beta receptors equally well. Postganglionic 
sympathetic nerve endings release only noradrenaline but adre-
nal medulla releases a mixture of adrenaline and noradrenaline. 
There are synthetic analogs of catecholamines available which 
stimulate only alpha or only beta receptors. Agents which 
block only alpha receptors or only beta receptors are also avail-
able. Further, some of these agents block alpha or beta recep-
tors at some sites but not at others. This has prompted further 
classifi cation of adrenergic receptors into alpha1, alpha2, and 
beta1, beta2. Details of agents which mimic or block different 
receptors belong to the realm of pharmacology but a few repre-
sentatives are given in Figure 15.1.4 and Table 15.1.3.
 The mode of transmission and fate of the neuro transmitters 
in ANS is essentially as discussed under synaptic transmission 
(Chapter 12.4) and neuromuscular transmission (Chapter 11.4). 
However, there is one peculiarity of the synapse between auto-
nomic postgan glionic nerve endings and target cells which is 
worth mentioning. The axon terminals branch extensively in a 
diffuse manner, and the branches have varicosities along their 
length. The neurotransmitter is released from each of these 
varicosities. On the other hand, the postsynaptic membrane 
is 400 nm away from the nerve endings and shows no obvi-
ous specialization. In short, the synapse is calculated to have a 
widespread effect in the target organ. Such a synapse is called 

Fig. 15.1.4: Agents which may be employed to block the action of 
autonomic nerves at the level of the ganglia or the post ganglionic 
fi bres. ACh, acetyl choline; NA, noradrenaline.

Table 15.1.3: Chemicals affecting autonomic function

Site Neurotransmitter Agonist Antagonist

Ganglia Acetylcholine Nicotine, small doses Nicotine, large doses
  Methacholine Hexamethonium
Postganglionic parasympathetic Acetylcholine Muscarine, Pilocarpine  Atropine
nerve endings  Methacholine, Acetylcholi-
  nesterase inhibitors, e.g.
  Physostigmine, Neostigmine
Postganglionic sympathetic Noradrenaline and Alpha: Phenylephrine Alpha: Phenoxybenzanine
nerve endings and  Adrenaline  Phentolamine
adrenal medulla
  Beta: Isoproterenol (Isoprenaline) Beta: Propranalol
  Beta2: Albuterol Beta1: Metoprolol

a ‘non-directed’ synapse. This arrangement is in keeping with 
the requirements of ANS. For example, release of acetylcho-
line in the gut should lead to the contraction of an entire seg-
ment of the intestine rather than produce a twitch in one single 
muscle fi bre.
 A few words may be added also about noncholinergic non-
adrenergic transmission in ANS. There is some evidence for 
inhibitory parasympathetic purinergic fi bres (i.e. those which 
employ ATP, ADP, AMP or adenosine as neurotransmitter) 
in the gut and excitatory parasym pathetic purinergic fi bres in 
the urinary bladder. In addition, intramural neurons of the gut 
which release a variety of neuroactive peptides may also be 
infl uenced by ANS.

PHYSIOLOGICAL ROLE OF ANS
The physiological function of ANS is to modulate visceral and 
glandular activity in the body. Most organs innervated by ANS 
receive both sympathetic and parasympathetic supply, and the 
effect of activation of the two divisions of ANS on a given 
organ is opposite. What effect which division has on an organ 
can be best predicted in teleological terms. The sympathetic 
division is called so because it ‘sympathises’ with the body 
in an emergency. The types of effects it produces are useful 
in fi ghting an enemy or escaping a danger. On the other hand, 
parasympathetic division induces activities which are best per-
formed in a relaxed state.
 For example, while fi ghting or fl eeing, the heart needs 
to beat harder and faster, and glucose and fatty acids should 
be mobilised from glycogen and triglycerides respectively. It 
would be helpful if the muscles work better, and do not get 
tired out quickly during an emergency. It has been observed 
that catecholamines actually increase the force of contraction 
not only in cardiac muscle but also in fast-twitch muscle fi bres, 
and have also an anti-fatigue action. Recent work has shown 
that adrenaline released from the adrenal medulla leads to beta-
two receptor-mediated increase in cerebral metabolism. The 
heightened cerebral activity is made possible by the breakdown 
of glycogen stored in the astrocytes, and the greater uptake and 
utilization of lactate by the brain, and these are all effects of 
sympathetic activation. This makes sense because in an emer-
gency a person, and even more an animal, needs to be not only 
physically active but also mentally alert. Further, in such a situ-
ation, the bronchi should dilate so that breathing is facilitated, 
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and pupils should dilate so that maximum possible light should 
enter the eyes; and that is what sympathetic activation does. On 
the other hand, when one is relaxed, one may eat, which should 
be followed by digestion. Accordingly. gastro intestinal secre-
tion and motility are increased by parasympathetic activation. 
One would like to read a book also in the relaxed state. Reading 
needs a constricted pupil, which can be achieved by para-
sympathetic acti vation. The effects of sympathetic and para-
sympathetic are in terms of functional requirements rather than 
one always producing contraction and the other always produc-
ing relaxation. For example, sympathetic produces constriction 
of blood vessels but relaxes the gastro intestinal and bronchial 
musculature. This principle is best illustrated by considering 
the functions of defaecation and micturition. Both these func-
tions should be performed in the relaxed state, and require con-
traction of a viscus but relaxation of its sphincters. We actually 
do fi nd that both these functions require parasympathetic activ-
ity, which brings about contraction of the anal canal or urinary 
bladder but relaxation of the internal anal sphincter and vesical 
sphincter.
 Sympathetic and parasympathetic activities are gener-
ally antagonistic but not always so. A beautiful example of 
their cooperation is provided by the male sex act. Erection is 
brought about by parasympathetic activity but ejaculation is 
brought about by sympathetic activity. Possibly this arrange-
ment takes into account the fact that although sex begins in 
a relaxed atmosphere, it generates an excitement on its own, 
which in turn leads to sympathetic activation. Hence it is just 
as well that the ‘fi nal’ part of the act is triggered by the sympa-
thetic nervous system.
 A general principle of autonomic neural activity which 
may be enunciated here is that sympathetic activation is usu-
ally generalized while parasympathetic activity is relatively 
localized. This is partly because sympathetic activation is 
also associated with stimulation of the adrenal medulla which 
results in a systemic ‘injection’ of adrenaline. The arrange-
ment is useful because cardio vascular, respiratory and other 
sympathetic effects are usually required simultaneously in an 
emergency whereas parasympathetic effects such as pupillary 

constriction, digestion or micturition are required only one at a 
time. However, there is one important exception to this gener-
alization: thermal sweating is a sympathetic phenomenon but is 
not accompanied by other sympa thetic effects. This is because 
sweating is required in isolation, and the isolated effect is per-
haps made possible by the cholinergic innervation of sweat 
glands.
 A beautiful description of the effects of sympathetic stimu-
lation is available in the Gita (Chapter 1, verses 28-30). When 
Arjun stood up in his chariot in the battlefi eld, it suddenly 
dawned on him that he would have to fi ght those whom he 
loves and respects. He said:
 Krishna, Krishna
 Now as I look on
 These my kinsmen
 Arrayed for battle
 My mouth is parching
 My body trembles
 My hair stands upright
 My skin seems burning
 The bow Gandiva
 slips from my hand
 My brain is whirling
 Round and round
 I can stand no longer.
 A summary of the effects of sympathetic and parasympa-
thetic activation is given in Table 15.1.4. As you go over these 
effects, refl ect over their utility in different circumstances.

HIGHER NEURAL REGULATION OF ANS
The organs innervated by ANS have considerable autonomy. 
After denervation, they not only retain activity but can also 
modulate that activity to a considerable degree in response 
to changing conditions. For example, stretch leads to smooth 
muscle contraction. Hence even a denervated intestinal seg-
ment has a tendency to propel its contents. Secondly, some vis-
ceral organs, notably the gut, have a well developed plexus of 
neurons within their wall which can provide neural regulation 

Table 15.1.4: Autonomic effects on various organs

Organ  Effects of

 Sympathetic stimulation Parasympathetic stimulation

Heart Increase in rate, increase in force of Decrease in rate. Decrease in force of contraction
 contraction
Lungs Bronchodilation Bronchoconstriction
Gastrointestinal tract Decrease in motility, tone and secretion Increase in motility, tone and secretion
 Contraction of sphincters Relaxation of sphincters
Bladder Relaxation of detrusor Contraction of detrusor
 Contraction of sphincter Relaxation of sphincter
Blood vessels Splanchnic and cutaneous vasoconstriction None
 Skeletal muscles: Constriction (adrenergic None
 alpha), dilatation (adrenergic beta-2),
 dilatation (cholinergic)
Eyes Pupillary dilatation, Relaxation of ciliary Pupillary constriction. Contraction of ciliary
 muscles muscles
Sweat glands Sweating (cholinergic) Sweating on palms only
Metabolic effects Glycogenolysis. Lipolysis Not signifi cant
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in response to local stimuli. There are only 2 × 103 vagal effer-
ent nerve fi bres to the gut in contrast with more than 108 neu-
rons in the enteric nervous system. This indicates the over riding 
infl uence of the intramural plexuses as com pared to autonomic 
innervation. Therefore it may be considered quite enough to 
have some further modu lation by autonomic nerves. But that is 
not the end: the ANS activity itself is subject to modulation by 
higher neural structures.
 First, ANS activity is directly infl uenced by sensory inputs 
which evoke autonomic refl exes.
 Second, the intermediolateral column cells are subject to 
modulation by brainstem reticular formation.
 Third, ANS activity is markedly affected by the hypothala-
mus. It is generally said on the basis of stimulation experiments 
on anaesthetized animals, originally performed by Ranson in 
1930s, that posterior hypothalamus stimulates sympathetic 
activity whereas anterior hypothalamus evokes parasympa-
thetic activity. But this is an oversimplifi cation and does not 
do justice to the role of hypothalamus in autonomic regulation. 
Later experiments on awake, unrestrained animals, originally 
performed by Hess, have shown that stimulation of the hypoth-
alamus evokes a complete behavioural pattern. For example, 
stimulation of a specifi c area may lead to all the autonomic and 
somatic manifestations of anger. Thus the role of hypothalamic 
control of ANS is to weave different autonomic and somatic 
refl exes into a meaningful pattern. Hypo thalamus is also an 
outlet for the infl uences of other still higher neural structures 
such as the limbic system and cerebral cortex on the ANS. That 
is why hypothalamus was called the head ganglion of the ANS 
by the renowned neurophysiologist, Sir Charles Sherrington.
 The overall effect of higher infl uences is that not only 
autonomic activity manifests as a meaningful behavioural pat-
tern but there are also emotions associated with it (ascribed to 
the limbic system), and the effects may anticipate body needs 
(ascribed to the cerebral cortex). For example, the increase in 
heart rate occurs on the mere thought of exercise, and salivary 
secretion occurs on the mere thought of food. These anticipa-
tory effects are due to the infl uence of the cerebral cortex on 
ANS.

CONCLUSION
The essence of survival is coping up with change. The level 
of activity in various organs and the level and nature of met-
abolic activity needs to be different at rest, during sleep and 
during exercise; during fasting and in the postprandial state; 
in cold and in hot environment; and so on. These adjustments 
are brought to a level of perfection by the central nervous 
system, the visceral and metabolic effects of which are medi-
ated by ANS. Thus ANS makes an important contribution to 
homeostasis.

QUESTIONS AND PROBLEMS
1. Does the autonomic nervous system have a sensory limb?
2. What is the signifi cance of having dual control through 

sympathetic and parasympathetic innervation?
3. Explain the following observations:

 a. Adrenaline usually produces a rise in blood pressure. 
But if ergot is injected before adrenaline, adrenaline 
produces a fall in blood pressure.

 b. Acetylcholine usually produces a fall in blood pressure. 
But if atropine is injected before acetylcholine, a high 
dose of acetylcholine gives a rise in blood pressure.

 c. If a cat is exposed to a barking dog, its heart rate 
increases. The increase is less marked after denervation 
of the heart. A small increase in heart rate persists even 
after inactivation of adrenals.

4. Give the site of action of curare, atropine and 
hexamethonium.

ANSWERS AND SOLUTIONS
1. No, autonomic nervous system (ANS) is purely a motor 

system. There are several autonomic refl exes, such as the 
baroreceptor refl ex or pupillary refl ex. These refl exes have 
a sensory limb. But the sensory limbs of autonomic as well 
as somatic refl exes are included in the sensory system. ANS 
includes only the motor limb of the autonomic refl exes. 
The sensory system cannot be classifi ed into somatic and 
autonomic because the same sensory input may lead to 
some somatic and some autonomic (or visceral) responses. 
For example, a painful stimulus may lead to withdrawal 
(somatic refl ex) and also an increase in heart rate (auto-
nomic refl ex).

2. It is quite true that modulation of activity in both directions 
may be achieved by single innervation also, as in case of 
blood vessels. Most blood vessels ahve only sympathetic 
vasoconstrictor innervation, and it has a certain basal tone. 
Increase in the activity of these fi bres induces vasoconstric-
tion and decrease in their activity induces vasodilation. 
Thus both vasoconstriction and vasodilatation are achieved 
by a single set of nerve fi bres. But may organs, such as the 
heart, have both sympathetic and parasympathetic supply. 
Dual innervation increases the effi ciency of modulation. 
This fact may be understood by comparing the situation to 
an automobile. The speed of a vehicle may be increased 
or decreased by using only the accelerator. But even the 
best driver has to use the brake sometimes to achieve more 
effi cient slowing. Hence automobiles are provided with an 
accelerator as well as a brake. Dual innervation increases 
the effi ciency of modulation in the same way as an accelera-
tor and a brake.

3. a. Adrenaline has an affi nity for both alpha and beta adren-
ergic receptors. Most vascular beds in the body have 
alpha receptors. When adrenaline combines with the 
alpha receptors it leads to vasoconstriction, and hence 
a rise in blood pressure. Ergot blocks alpha adrener-
gic receptors. Therefore, if adrenaline is preceded by 
ergot, adrenaline is able to give only a beta adrenergic 
response. The blood vessels in skeletal muscle have beta 
receptors, and stimulation via these receptors produces 
vasodilatation. Hence beta adrenergic stimulation by 
adrenaline, in the absence of alpha stimulation, leads 
to a fall in blood pressure. This observation was fi rst 
reported by Sir Henry Hallett Dale in 1913.
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 b. Acetylcholine produces a fall in blood pressure through 
(i) vasodilatation and (ii) slowing of the heart. Both these 
actions are mediated by muscarinic receptors, and are 
blocked by atropine. After administration of atropine, 
a high dose of acetylcholine is still able to stimulate 
autonomic ganglia and adrenal medulla because these 
actions of acetylcholine are mediated by nicotinic recep-
tors. Stimulation of parasympathetic autonomic ganglia 
is ineffective because of atropinization. Stimulation of 
sympathetic autonomic ganglia releases noradrenaline 
which produces vasoconstriction. Stimulation of adrenal 
medulla releases adrenaline, the predominant effect of 
which is also vasoconstriction. Therefore, after atropi-
nization, acetylcholine may induce a rise in blood pres-
sure. This observation was also fi rst reported by Sir HH 
Dale in 1914.

 c. Exposure to a barking dog excites a cat, leading 
to sympathetic stimulation. Activation of sympa-
thetic nerves supplying the heart increases the heart 
rate. Sympathetic activity also stimulates the adrenal 

medulla, releasing adrenaline, which also increases the 
heart rate. After denervation of the heart, increase in 
heart rate is mainly produced by the adrenaline released 
from the adrenal medulla. Therefore after adrenal inac-
tivation much of the increase in heart rate disappears. 
However, the slight increase which still persists is due 
to the release of noradrenaline at extracardiac sympa-
thetic nerve endings in the body. Part of this noradrena-
line is absorbed into the circulation and may increase 
the heart rate. The slight increase in heart rate may 
also be due to incomplete denervation of the heart or 
incomplete inactivation of the adrenal medulla. These 
obserations were fi rst made by Walter Bradford Cannon 
in 1927.

4. All the three are anticholinergic drugs. However, they block 
different categories of cholinergic receptors. Curare blocks 
the neuromuscular junction in skeletal muscle, atropine 
blocks the receptors for postganglionic cholinergic nerve 
endings, and hexamethonium blocks cholinergic receptors 
in autonomic ganglia.
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15.2
Limbic System

The term limbic system has nothing to do with limbs. Limbic 
system (limbus, girdle or belt) is the most advanced part of 
the primitive brain which encircles the corpus callosum and 
brainstem like a belt. Evolution of the limbic system added 
a strong emotional component to the basic drives which are 
important for preservation of self or the species. Emotions 
make an animal immensely more successful in the struggle for 
existence. For example, if food is a source of pleasure to an 
animal, the drive to pursue food is strengthened. In anticipation 
of this pleasure, the animal makes a vigorous search for food. 
If it is a carnivore, the animal becomes very aggressive when 
confronted with a potential source of food. On the other hand, 
looking at it from the point of view of the victim, the emotion 
of fear increases its speed of running, which is likely to facili-
tate safe escape. Thus in this brief example we have seen how 
the emotions of pleasure, aggression and fear aid survival. In 
reptiles the highest part of the neuraxis is essentially the limbic 
system. But in higher animals more and more neocortical con-
trol has been imposed on the limbic system. In primates such 
as monkeys and man, the degree of encephalization is so high 
that the limbic system has got buried under the thick neocortex. 
That is why the limbic system has very low anatomical vis-
ibility in the primate brain. It is only on cutting the cerebral 
hemispheres along the midline or by lifting the cerebral hemi-
spheres up from the base of the skull that we can see the limbic 
system on the medial surface and undersurface of the brain. 
But even in the primate brain the limbic system has high physi-
ological visibility. Strong emotions associated with food and 
sex are rather thinly veiled even in the most cultured of men.

FUNCTIONAL ANATOMY
There is lack of unanimity on the neural structures which con-
stitute the limbic system. Given below is a list of the structures 
on which there is general agreement about their inclusion in the 
limbic system (Fig. 15.2.1).
Neocortical structures Orbitofrontal cortex and part of the 
temporal lobe and parietal lobe.
Archicortical structures Subcallosal gyrus, cingulate 
gyrus, parahippocampal gyrus, hippocampus, dentate gyrus, 
subiculum, septum and parolfactory area.

Subcortical structures Anterior nuclei of thalamus, 
amygdala, nucleus accumbens (part of basal ganglia), 
hypothalamus.
 There is some disagreement about the inclusion of hypoth-
alamus in the limbic system. But hypothalamus is function-
ally so intimately related to the other limbic structures that it 
is impossible for a physiologist to think of the limbic system 
without the hypothalamus.

Connections
Limbic system is a link between the brainstem and the neo-
cortex. Accordingly the limbic structures are richly con-
nected by to and fro connections with each other, with the 
association cortex, and with the brainstem. Some of the better 
known pathways are described briefl y below, but they do not 
exhaust even the known connections of limbic system. Newer 
studies are further revealing still more connections so far 
unknown.

Papez Circuit
James Papez, an eminent neuroanatomist, described a classi-
cal circular pathway which is known after him (Fig. 15.2.2). 
By demonstrating the projections from the cortex to the 
limbic structures, he provided a structural basis for the infl u-
ence of thoughts on emotions. The projections from the limbic 

Fig. 15.2.1: Structures generally included in the limbic system.
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structures back to the cortex explain how emotions reach 
consciousness.

Medial Forebrain Bundle
Medial forebrain bundle is a major efferent connection of the 
limbic system. It projects from a large number of limbic struc-
tures to the hypothalamus, and from there to the reticular for-
mation. Through the medial forebrain bundle the limbic system 
can infl uence autonomic and endocrine activity.

Other Connections
Amygdla projects to other regions of the limbic system by 
means of stria terminalis and the ventral amygdalo fugal path-
way. Amygdala receives inputs from limbic structures, olfac-
tory pathways and other sensory pathways.
 Amygdala and the hippocampal formation are extensively 
connected with the association cortex, thus providing a link 
between the limbic system and the neocortex.
 Subiculum is an interesting collection of gray matter 
interposed between the hippocampus and the neocortex. The 
subiculum provides extensive reciprocal connections between 
the limbic system and the neocortex. The relative size of the 
subiculum gradually increases in phylogeny, and reaches its 
maximum size in human beings.
 The limbic cortex receives projections from the sensory 
cortex and sends efferents to various neocortical areas, includ-
ing the prefrontal cortex.
 Thus the limbic system has extensive reciprocal con-
nections with either side of the neuraxis. The connections with 
the neocortex provide a synthesis of emotional and rational 
thought. The connections with the hypothalamus and reticular 
formation provide the structural basis of the endocrine, auto-
nomic and motor (somatic) conse quences of the limbic-neocor-
tical interaction.

FUNCTIONS
All functions of the limbic system primarily arise from its 
fundamental role in generating emotions. Limbic system adds 
feelings to sensory experiences, and then lets these feelings 
direct behaviour.

Affect
Limbic system adds an affective, or emotional, compo nent 
to sensory experience. This is quite understandable because 
limbic structures, specially amygdala, receive sensory affer-
ents, and the limbic cortex has rich connections with higher 
order sensory cortex. The limbic system helps us interpret a 
sensory experience as pleasant or unpleasant. The neocortex 
translates a pleasant experience as a reward, and an unpleas-
ant experience as a punishment. Reward and punishment direct 
animal and human behaviour to an amazing degree.
 James Olds and Peter Milner demonstrated in 1954 discrete 
reward and punishment areas in the limbic system through self-
stimulation experiments. In such experiments, an electrode is 
implanted in an area of the brain and the animal allowed to 
recover from the effects of anaesthesia. Then the animal is 
placed in a self-stimulation apparatus. The electrical con-
nections in the apparatus are so arranged that the animal can 
stimulate the area where the electrode is implanted by pressing 
a lever. Through such experiments, reward centres have been 
localized in the prefrontal cortex, septum and some regions of 
the hypothalamus.
 Alternatively, the electrical connections in the self- stim-
ulation apparatus can be so arranged that pressing the lever 
switches off the stimulus to the brain. Such connections are 
more suitable for localizing punishment centres. The most 
powerful punishment centre has been localized in the periv-
entricular zone of the hypothalamus. To learn more about the 
neurophysiology of emotions, you may turn to Chapter 15.4.

Memory
Emotions and memory are closely linked. After having a pleas-
ant or unpleasant experience, one would like to remember it 
so that the pleasant experiences can be repeated and unpleas-
ant ones can be avoided. Among the limbic structures, memory 
function has been localized to the hippocampus and the tempo-
ral limbic cortex.
 Hippocampus is responsible for immediate memory and for 
selecting the experiences which need to be transferred to long-
term memory. For example, a telephone number found from 
the directory is ordinarily remembered only as long as is neces-
sary for dialling it. But if it is a number likely to be needed fre-
quently, an effort is made to ‘transfer’ it to long-term memory.
 The temporal limbic cortex is responsible for memory 
of complex sequences. The function seems to be asymmetri-
cally localized. The left temporal cortex seems to specialize 
in remembering verbal material and the right temporal cortex 
remembers other sensory inputs.
 For learning more about memory, you may turn to 
Chapter 16.3.

Learning
Memory and learning are closely linked. Remembering does 
not ensure learning but some degree of remembering is essen-
tial for all types of learning. To learn more about the neuro-
physiology of learning, turn to Chapter 16.3.

Emotional Exteriorization
Hypothalamus and limbic projections to the reticular formation 
play an important role in producing the external manifestations 

Fig. 15.2.2: The neural pathway described by Papez.
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of emotion. Exteriorization of emotions has endocrine com-
ponents such as adrenaline secretion, autonomic components 
such as increase in heart rate, rise in blood pressure, piloerec-
tion, salivation and dilatation of pupils, and somatic compo-
nents such as pacing up and down, frowning, baring of teeth 
and extension of claws. Stimulation of ‘punishment centres’ 
in the brain can give rise to a rage reaction. The animal is vis-
ibly angry and aggressive. On the other hand, there are also 
areas in the limbic cortex which can suppress the rage reac-
tion. Stimulation of ‘reward centres’ makes an animal tame and 
docile.

Preservation of Self
Activities which aid preservation of self such as feeding, 
drinking and defence are associated with strong emotions. 
Limbic system not only generates these emotions, it also 
helps in executing the drive which satisfi es these emotions. 
Absence of food or water creates an unpleasant feeling of 
deprivation, which in turn motivates the animal to fi nd food. 
That the limbic system plays a part in the act of fi nding food 
(feeding behaviour) is suggested by experiments in which 
stimulation of certain regions of the amygdala or hypotha-
lamus induces eating, or chewing movements. Stimulation 
of some other regions induces drinking behaviour or rage 
reaction.

Preservation of Species
Sexual deprivation can generate a drive almost as strong as 
food deprivation. As in case of other types of motivational 
behaviour, limbic system plays a part in creating the sex urge 
and also in the execution of sex behaviour. Stimulation of cer-
tain regions of the hypo thalamus or amygdala induces some 
components of sex behaviour. Thus the limbic system aids also 
the preservation of the species.

DISORDERS RELATED TO LIMBIC SYSTEM
There are several disorders—clinical and experimental—in the 
pathogenesis of which the limbic system is clearly or possibly 
involved. The manifestations of these disorders throw some 
light on the functions of the limbic system.

Psychosomatic Illnesses
The needs, aspirations and social organization of man make 
him a far more miserable creature than any other species. Yet 
expectations of civilized behaviour make it diffi cult for him 
to exteriorize his emotions. He generally has to refrain from 
physical violence, and frequently has to suppress even verbal 
violence. But autonomic and endocrine manifestations such 
as rise in blood pressure or increase in gastric secretion occur 
uninhibited. As a result of this dissociation, the negative emo-
tion lasts much longer and its autonomic manifestations are 
prolonged. If such episodes are frequent, some autonomic 
manifes tations might become permanent. Some illnesses such 
as hypertension have a strong psychosomatic basis, while some 
others such as diabetes may also have a psycho logical element 
in their causation.

Korsakoff’s Psychosis
This disorder is generally due to the nutritional defi ciencies 
associated with alcoholism. The patient shows a lesion in the 
mammillary bodies and medial dorsal nucleus of the thalamus 
or some other limbic structures. The typical manifestations are 
confusion, confabulation and a memory defi cit in which the 
encoding at the time of learning is defective. But the portion 
that is encoded and transferred to long-term memory is forgot-
ten at the normal rate. As a result recall of total information is 
poor. But if clues are provided, the material can be recalled. 
Thus the difference from normal is one of degree, not that of 
kind. Even a normal person appreciates clues, and hence fi nds 
it easier to fi ll in the blanks or to answer a multiple choice 
question than to answer a conventional question which offers 
no clue to the answer.

Kluver-Bucy Syndrome
Kluver, a psychologist, and Bucy, a neurosurgeon, observed in 
1938 that if the anterior portion of temporal lobe cortex was 
removed in monkeys, they exhibited a complex of reproduc-
ible features. When the anterior temporal cortex is removed, 
invariably some other limbic structures, specially amygdala, 
are also damaged. The monkeys, in whom such an operation 
is done, show an abnormally exaggerated tendency to examine 
objects—orally, and by sniffi ng at them. In spite of the obses-
sion with examination of objects, they exhibit psychic blind-
ness, i.e. they seem to see the object but fail to understand what 
it is. They may start eating inedible objects; the normally veg-
etarian monkey turns carni vorous. The animal shows reduced 
aggression, behaves like a tame animal, but loses fear. A char-
acteristic feature of Kluver-Bucy syndrome is indiscriminate 
hyper sexuality: a male monkey with the syndrome would 
have sex with a female of another species. Kluver-Bucy syn-
drome is interesting but neither throws much light on the func-
tion of specifi c limbic structures nor on human psychological 
disorders.

CONCLUSION
Limbic system appeared early and reached the peak of its 
development quite early in the course of evolution. By adding 
an element of emotion to things which promote or threaten 
survival of the individual or the species, the limbic system 
seems to have played a vital role in the struggle for existence. 
It is interesting to refl ect and speculate on the impact of the 
superimposition of the massive neocortex on the limbic system 
in a highly evolved animal like man. First, the structure and 
function of the limbic system is well integrated with that of 
the neocortex. It is impossible to separate even the most highly 
developed intellectual pursuit from its emotional counterparts. 
Second, to the basic urges of hunger, thirst and sex, the neocor-
tex has added the urge to know, the urge to excel and the urge 
to be right and fair. Once the basic urges have been satisfi ed, 
the human organism still remains dissatisfi ed and yearns for 
the gratifi cation of the more highly evolved needs. Third, the 
overall impact of neocortical activity and the resulting civiliza-
tion has been to suppress and conceal basic urges as well as 
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emotions. It is interesting that emotions appeared as a useful 
addition at an early stage in evolution but have become some-
what repugnant to the most highly evolved animal. Finally, 
man has realized that because of the uncertainties in the world 
and the complexities of his needs, he will never be happy if 
he insists on satisfying all his desires. Therefore he has found 
different ways of changing his attitude to events so that he can 
be happy in spite of all desires not being satisfi ed. Sometimes 
he calls this attitude contentment or reduction of desires, as did 
Buddha; sometimes he calls it voluntary disposses sion, as did 
Gandhiji, and sometimes he calls it equanimity in the face of 
fortune and misfortune, as does the Gita (Chapter 12, Verses 
17-19):
 He who feels neither excitement nor repulsion, who com-
plains not and lusts not for things;

 who is beyond good and evil,
 and who has love—
 he is dear to me.
 The man whose love is the same for his enemies or his 
friends,
 whose soul is the same in honour or disgrace,
 who is beyond heat or cold or pleasure or pain,
 who is free from the chains of attachments;
 who is balanced in blame and in praise,
 whose soul is silent,
 who is happy with whatever he has,
 whose home is not in this world, and
 who has love—this man is dear to me,
 In physiological terms man turns to the neocortex to satisfy 
the limbic need for happiness.
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15.3
Functions of the 
Hypothalamus

Hypothalamus is a tiny part of the brain, weighing only 10 g. 
It derives its name from being located under the thalamus, both 
together forming the diencephalon. Although small in size, 
hypothalamus is a structure of major importance. Sherrington 
described it as the head ganglion of the autonomic nervous 
system. The descrip tion is valid but may be now considered 
an understate ment. The hypothalamus is the nodal point for 
regulation of essentially all homeostatic processes mediated by 
neural as well as hormonal mechanisms, and is also invol ved 
in sleep-wakefulness, body rhythms and reproduc tive func-
tion. The hypothalamus may be visualized as an integrating 
centre where several neural and endocrine infl uences originat-
ing throughout the brain converge. After due processing, the 
neural and endocrine outputs of the hypothalamus diverge to 
all parts of the body (Fig. 15.3.1). Since the hypothalamus is 
so extensively involved in body functions, it has been referred 
to at several places in the book.1 Although the participation of 
the hypothalamus in individual functions has been discussed in 
some detail at appropriate points, this chapter brings together 
all major functions briefl y at one place.

FUNCTIONAL ANATOMY
The hypothalamus consists of a large number of nuclei 
(Fig. 15.3.2) and also fibre tracts. The medial part of the 
hypothalamus has relatively more nuclear groups while the lat-
eral part has relatively more fi bre tracts.

Connections
The afferent and efferent connections of the hypo thalamus have 
been summarized in Tables 15.3.1 and 15.3.2. The rich afferent 
input explains the extensive infl uences that are integrated in 
the hypothalamus, and the prolifi c efferent output explains the 
widespread neuroendocrine effects of the hypothalamus.

Hypothalamo-Hypophysial Relationships
The hypothalamus is intimately related to both the anterior and 
the posterior lobes of pituitary (hypophysis).
 The supraoptic and paraventricular nuclei and some other 
neurons of the hypothalamus synthesize anti diuretic hormone 

(ADH) and oxytocin. These substances travel along the axons 
of these neurons, which terminate in the posterior pituitary. 
From the posterior pituitary, these hormones diffuse into the 
blood stream (Fig. 9.2.1).
 Neurons in several nuclei of the hypothalamus also secrete 
various hypophysiotropic hormones. These hormones are 
delivered by the axon terminals in the median eminence. In the 
median eminence, the hormones diffuse into a capillary net-
work which leads to the hypothalamo-hypophysial portal ves-
sels. The portal vessels give way to another capillary network 
in the anterior pituitary where the hypophysiotropic hormones 
are delivered.

Blood-Brain Barrier in the Hypothalamus
Since portal vessels arise in the median eminence, this region 
of the hypothalamus is outside the blood-brain barrier. This is 
inevitable because if the neural secretions have to diffuse from 
the hypothalamus into capillaries, the barrier cannot exist.

Fig. 15.3.1: The hypothalamus acts like a funnel which transmits 
the infl uences of the brain on several homeostatic mechanisms to 
the body.

1 The index lists more than a dozen places where the hypothalamus has been discussed.
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Fig. 15.3.2: Nuclei of the hypothalamus.

Table 15.3.1: Afferent connections of the hypothalamus

Tract Connections

Fornix* Connects hippocampus to hypothalamus, mainly mamillary bodies
Amygdalohypothalamic fi bres, principally Connect amygdala to hypothalamus, mainly anterior hypothalamus, preoptic area
stria terminalis and ventromedial nucleus
Medial forebrain bundle* Connects limbic structures to hypothalamus
Periventricular system* Connects midbrain and sensory pathways to hypothalamus
Ventral tegmental cholinergic bundle Connects viscera to hypothalamus
Ventral tegmental noradrenergic bundle Connects nucleus of tractus solitarius and ventrolateral medulla to paraventricular nuclei,  
 periventricular nuclei, supraoptic nuclei and lateral hypothalamic nuclei
Mesolimbic dopaminergic system From the wall of the third ventricle to medial hypothalamic nuclei. From one region of   
 hypothalamus to another
Dorsal noradrenergic bundle Connects locus ceruleus to dorsal hypothalamus
Serotonergic neurons Connect raphe nuclei to hypothalamus
Thalamohypothalamic fi bres Connect thalamus to hypothalamus
Retinohypothalamic fi bres Connect optic nerve fi bres to suprachiasmatic nucleus of hypothalamus
Corticohypothalamic fi bres Connect cerebral cortex to hypothalamus directly, and indirectly via the thalamus

*Also contains efferent fi bres

Table 15.3.2: Efferent connections of hypothalamus

Tract Connections

Fornix Connects hypothalamus to limbic system
Medial forebrain bundle Connects hypothalamus to mesencephalic tegmentum
Periventricular system Connects hypothalamus to midbrain and spinal cord
Tubero-infundibular tract Connects arcuate and ventromedial nuclei of hypothalamus to infundibulum
Mamillothalamic tract Connects mamillary bodies to anterior thalamic nuclei
Mamillotegmental tract Connects mamillary bodies to tegmental reticular nuclei of the midbrain
Hypothalamohypophysial tracts Connect supraoptic and paraventricular nuclei of hypothalamus to posterior pituitary
Neurons which secrete hypophysiotropic Originate in hypothalamic nuclei. Axons terminate in median eminence
hormones Secretions diffuse into the portal vessel

 Some regions of the hypothalamus also detect changes in 
the temperature or osmolarity of blood. Hypothalamus also 
receives messages from the limbic system in the form of neu-
roactive peptides. This is made possible partly by a very rich 
blood supply and partly by a weak blood-brain barrier which 
allows changes in blood to get refl ected in the cerebrospinal 
fl uid (CSF) of the third ventricle.

FUNCTIONS OF HYPOTHALAMUS

Functions of the hypothalamus touch almost every func-
tion of the body. Only some of the better studied functions 
will be discussed here. Functions which have been discussed 
in some detail elsewhere in the book will be described very 
briefl y here.
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Temperature Regulation
Regulation of body temperature depends on an accurate bal-
ance between heat gain and heat loss. The hypotha lamus has 
thermosensors which detect changes in the temperature of 
blood, and it also receives information from temperature recep-
tors in the skin. The information is matched with the set point 
for body temperature. Depending on the nature and magnitude 
of the impend ing deviation in body temperature, the hypothala-
mus initiates appropriate responses.
 The anterior hypothalamus detects changes in temperature 
and also initiates mechanisms for dissipation (loss) of body 
heat. Detection of changes in temperature depends on tempera-
ture-sensitive neurons. The activity of these neurons is affected 
markedly by the temperature of blood. If the temperature of 
blood circulating through the hypothalamus is above the set 
point, the anterior hypothalamus initiates cutaneous vasodila-
tion and sweating, both of which increase loss of heat from the 
body. Loss of heat lowers the body temperature, thereby taking 
it back towards normal.
 The posterior hypothalamus has no detectors of tempera-
ture. It only initiates mechanisms which increase heat produc-
tion and promote conservation of heat. The posterior hypotha-
lamus relies more on information coming from the temperature 
receptors of the skin for its activity, than on temperature detec-
tors of the anterior hypothalamus. If the information received is 
that environmental temperature is low, the posterior hypothala-
mus initiates conservation of heat by cutaneous vasoconstric-
tion and piloerection, and increases production of heat in the 
body by releasing catecho lamines from the adrenal medulla. 
These processes prevent the temperature of the body from fall-
ing in spite of low environmental temperature.
 The hypothalamus is involved not only in responses to 
acute exposure to hot or cold environment but also in those to 
long-term exposure to cold. Acclimatization to cold environ-
ment involves increased release of thyroxine, which increases 
generation of heat in the body by stimulating metabolism. 
How, do you think, does the hypothalamus stimulate thyroid 
activity?2 There is experimental evidence that hypothalamus is 
also involved in voluntary behavioural adaptation to environ-
mental temperature.3

Regulation of Food Intake
Regulation of food intake by the hypothalamus depends pri-
marily on the interaction of two areas: a feeding centre in 
the lateral hypothalamus, and a satiety centre in the medial 
hypothalamus. By 1950, experiments by John Brobeck, then 
working in John Fulton’s Laboratory at Yale, had shown that 
hypothalamic lesions in rats made the rats overeat to the point 
of gross obesity. When B.K. Anand, an Indian post-doctoral 
fellow, started working in the same laboratory in 1951, he 
began his work by learning these experiments from Brobeck. 
But when Anand tried to repeat these experiments independ-
ently the results were surprising. The lesioned rats, instead of 
overeating, stopped eating altogether, as if they had gone on a 
hunger strike. The rats preferred to die of starvation rather than 

eat. When the issue was investigated, it was discovered that 
the unexpected results were due to a faulty instrument. Instead 
of delivering a current of 2 mA, it was delivering a current 
of 20 mA. As a result, Anand’s rats had giant lesions which 
had destroyed an extensive area of the hypothalamus. Anand 
postulated that there were two regions of the hypothalamus 
involved in regulation of food intake: one located medially (in 
the ventromedial nucleus) where Brobeck had been making 
tiny lesions, which was responsible for satiety, and another 
located elsewhere in the hypothalamus, which motivated the 
animal to eat. Subsequent experiments in which small well-
defi ned lesions were made in several areas of the hypothalamus 
supported Anand’s hypothesis and indicated that the feeding 
centre was located in the lateral hypothalamus. The relation-
ship between the two hypothalamic centres seems to be that the 
feeding centre is tonically active, and that its activity is peri-
odically inhibited by the satiety centre.
 The discovery of feeding and satiety centres raised sev-
eral questions, to the resolution of which also, Anand and his 
colleagues at the All India Institute of Medical Sciences made 
enormous contributions. The fi rst question is the nature of the 
signal which tells the hypothalamus how much in need of food 
the animal is. This signal appears to be glucose. Glucosensitive 
neurons are located in the ventromedial nucleus (satiety centre). 
When the level of glucose is high, the activity of these neurons 
increases, the feeding centre is inhibited, and the animal stops 
eating. The next question is why patients having diabetes mel-
litus feel hungry in spite of having a high blood glucose level. 
That is because glucosensitive neurons respond to the level of 
glucose utilization, not the absolute concentration of glucose. 
In diabetes mellitus, the utilization of glucose is poor although 
the blood glucose level is high. The next question is why uti-
lisation of glucose should be poor in hypothalamic neurons of 
diabetics because the utilisation of glucose in the brain does 
not depend on insulin. However, the glucosensitive neurons 
of hypothalamus are an exception. Glucose utilisation in these 
neurons is enhanced by insulin. Evidence for these conclusions 
has come from several experiments, some of which are:
a. 2-deoxyglucose (2-DG) is a substance which is taken 

up by the cells like glucose but is poorly meta bolised. 
Intraventricular injection of 2-DG stimu lates food intake.

b. Gold thioglucose (GTG) is taken up by the cells of ven-
tromedial nucleus (VMN) but damages them. Injections of 
GTG destroy the VMN and lead to obesity.

 Although the neat scheme of regulation of food intake based 
on two reciprocally related hypothalamic areas is essentially 
true, it has been somewhat complicated by subsequent work. 
Local injections of minute doses of various neurotransmitters 
have defi ned more clearly the areas that may be considered the 
feeding areas, and have also indicated that the intake of each 
macronutrient may be regulated differently (Table 15.3.3).
 Perifornical area is the area, the stimulation of which is 
most effective in increasing food intake. Lesions of this area 
inhibit feeding. Amphetamine and dopamine also act on this 
area to inhibit feeding. It is also interesting that cholecystokinin 

2 By increased secretion of thyrotropin-releasing hormone (TRH).
3 To understand what behavioural adaptation to temperature is, and for some other details about regulation of body temperature, consult Chapter 5.2.
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(CCK) is released by the gastro intestinal tract after a meal, 
and is also released in the brain. Peripheral as well as central 
actions of CCK inhibit feeding and induce satiety.
 The above account of regulation of food intake is highly 
restricted. Not only the hypothalamus but several other areas 
of the brain are also involved in the process. Some of these 
areas mediate their infl uence directly, and some by affecting 
the activity of the hypothalamus. Besides these central mecha-
nisms, peripheral mecha nisms located in the gastrointestinal 
tract also affect food intake, and there is an interaction between 
central and peripheral mechanisms. For example, distension of 
the stomach increases VMN activity, as demonstrated by K.N. 
Sharma in Dr Anand’s laboratory. Consequently, the animal 
feels satiated when the stomach is full.
 Regulation of food intake may be visualised in terms of 
short-term and long-term regulation. Short-term mechanisms 
regulate meal size whereas long-term mechanisms regulate 
body weight. In the fi nal analysis it seems it is the body weight 
which is regulated, which in turn depends primarily on the 
amount of fat stored in the body. Further, the body weight is 
determined not only by food intake but also by energy expendi-
ture, and the two interact with each other. The resting energy 
expenditure is enhanced by chronic overeating, and is dimin-
ished by chronic undernutrition. Hence when we look at only 
the role of hypothalamus in regulation of food intake, we 
are restricting ourselves to a very narrow view of a complex 
phenomenon.

Regulation of Water Balance
Body maintains water balance by responding to changes in 
osmolarity and changes in fl uid volume. The hypothalamus has 
mechanisms for responding to both. Body responds to distur-
bances in water balance by controlling either water intake or 
renal water loss. The hypothalamus plays an important role in 
controlling both.

Changes in Osmolarity
Hypothalamic osmoreceptors are located in the anterior 
hypothalamus. Osmoreceptors are neurons, the activity of 
which is altered by changes in the osmolarity of plasma. When 

the osmolarity of plasma is high, the osmoreceptors induce 
thirst, which increases water intake, and also induce secretion 
of antidiuretic hormone (ADH), which reduces urinary loss of 
water. Both of these responses lower the osmolarity and tend to 
bring it towards normal.

Changes in Fluid Volume
Changes in fl uid volume are primarily detected by volume 
receptors in the right atrium, left atrium and pulmonary ves-
sels. Large changes in volume also affect the activity of arterial 
baroreceptors in the carotid sinus and aortic arch. A decrease in 
fl uid volume leads to the secretion of renin, which in turn even-
tually generates angiotensin II (Chapter 2.11). Angiotensin 
II has several effects, such as vasoconstriction and release 
aldosterone, both of which are benefi cial when fl uid volume 
is low. In addition, angiotensin II also has two effects on the 
hypothalamus. First, it stimulates release of ADH. Second, it 
stimulates thirst, or drinking behaviour. It is interesting that 
circulating angiotensin II affects the activity of the subforni-
cal organ (SFO). SFO sends a message to the preoptic area of 
the hypothalamus, employing an angiotensin-like molecule as 
a neuro transmitter. The preoptic area also receives information 
from baroreceptors. Information from the baroreceptors and 
the SFO is put together to determine the drinking behaviour 
(Fig. 15.3.3).

Reproductive Behaviour
As the source of gonadotropin releasing hormone (GnRH), 
the pivotal role of hypothalamus in reproductive functions is 
obvious, and has already been discussed in Section 10. Here 

Table 15.3.3: Effects of neurotransmitters which 
stimulate food intake when applied locally in the 

hypothalamus

Neurotransmitter Area of application Nutrient intake   
  selectively stimulated

Neuropeptide Y* Perifornical area** Carbohydrate
Norepinephrine Paraventricular Carbohydrate
 nucleus
Galanin Paraventricular Fat
 nucleus
Opiates Paraventricular Protein
 nucleus

*  The most powerful stimulant of food intake known
**   The most sensitive site for stimulating feeding
(Based on Kandel et al 1995)

Fig. 15.3.3: Role of hypothalamus in regulation of water balance. 
Information about fl uid osmolarity as well as fl uid volume affect the 
thirst mechanism as well as ADH secretion. Changes in drinking 
behaviour and urinary water loss act synergistically to restore fl uid 
osmolarity and volume.
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we shall concentrate on the role of hypothalamus in reproduc-
tive behaviour. The basics of sexual behaviour are innate but in 
human beings the degree of encephalization is so high that the 
innate behaviour is concealed under many layers of social and 
psychological trappings. But it is quite likely that neuroendo-
crine mechanisms of sexual behaviour discovered in animals 
operate substantially also in human beings.
 In male monkeys, stimulation along the medial forebrain 
bundle induces penile erection and sexual emotions. Lesions 
in the anterior hypothalamus abolish sexual behaviour in male 
rats. Castrated male rats also lose interest in sex. But hypotha-
lamic implants of testosterone restore normal sexual behaviour 
in these rats.
 In females, sexual receptivity in several nonhuman species 
is confi ned to the period around ovulation. In human beings 
also receptivity is somewhat enhanced around ovulation. This 
phenomenon seems to involve the medial preoptic area of the 
hypothalamus. Estrogen implants in the hypothalamus induce 
heat in ovariecto mized rats.
 Although here we have confi ned ourselves to the role of 
hypothalamus, other parts of the limbic system and several 
other parts of the brain infl uence sexual behaviour as is sug-
gested also by the extensive distribution of sex hormone recep-
tors in the brain.

Emotions
As seen in Chapter 15.2, the emotional component of sensory 
experiences as well as emotional exteriorization are mediated 
principally by the limbic system. Hypothalamus is the prin-
cipal outlet for effects of the limbic system. Both fear and 
rage reactions have been induced in animals by appropriate 
hypothalamic stimulation. Animals tamed by destruction of 
the amygdala may be rendered highly irritable by lesions in 
the ventromedial nuclei of the hypothalamus. Self-stimulation 
experiments have revealed the presence of reward as well as 
punishment systems in the hypothalamus.
 Clustering of mechanisms for emotional experiences in 
the same region of the brain which also has mechanisms for 
feeding, drinking and sexual behaviour is quite an appropri-
ate combination. Fulfi llment of these basic drives is associated 
with pleasure, and their deprivation is associated with sorrow. 
Pursuit of these drives is often consciously undertaken not to 
meet a physiological need but for the sake of pleasure. For 
example, palatable food is willingly accepted even when not 
hungry. Conversely, food may be rejected even when hungry if 
the food is undesirable or unpalatable.

Autonomic Control
The autonomic effects of limbic system are mediated largely 
by the hypothalamus. In general, stimulation of the ante-
rior hypothalamus gives parasympathetic responses while 
stimulation of the posterior hypothala mus gives sympathetic 
responses. Autonomic responses to hypothalamic stimulation 
fall in two broad categories. Most responses elicited by stimu-
lation of conscious animals represent the autonomic accompa-
niments of a well-defi ned emotional behaviour pattern such as 
aggression, fear or rage. When the stimuli are applied to the 

hypothalamus in an anaesthetized animal, the responses seem 
to be discrete, e.g. increase in heart rate, increase in respiratory 
rate, or salivation. But these responses are also likely to be part 
of an autonomic refl ex in real life.

Endocrine Functions
The hypothalamus synthesizes two groups of hormones: (a) 
releasing and inhibiting hormones, and (b) vasopressin and 
oxytocin (Fig. 9.2.1).

Releasing and Inhibiting Hormones
These hormones are synthesized in the hypothalamus and trans-
ported to the median eminence. In the median eminence they 
enter the portal plexus of the superior hypophysial artery. From 
there these hormones travel in the long portal vessels to the 
anterior pituitary. Long portal vessels break up into a second 
network of capillaries in the anterior pituitary. The releasing 
and inhibiting hormones diffuse out of these capillaries to act 
on the anterior pituitary cells. The various releasing and inhib-
iting hormones are corticotropin releasing hormone (CRH), 
growth hormone releasing hormone (GRH), growth hormone 
inhibiting hormone (somatostatin), thyrotropin releasing hor-
mone (TRH), prolactin releasing hormone (PRH), prolactin 
inhibiting hormone (PIH) and gonadotropin releasing hormone 
(GnRH). Their functions are indicated by their names, and 
have been discussed somewhat in detail at appropriate places 
in the book.
 Many of the releasing hormones are synthesized not only 
by the hypothalamic neurons but also by neurons of the cer-
ebral cortex, limbic system, midbrain, spinal cord and enteric 
nervous system. At these sites these substances act as neuro-
transmitters or neuromodulators. In some cases the neuromod-
ulator may complement the action of the hormone on the pitui-
tary. For example, CRH releases corticotropin (ACTH) from 
the anterior pituitary in states of stress. Peripheral actions of 
CRH also help the body cope up with stress. Thus the same 
molecule may be employed to act in different ways to deal with 
a given situation, as we have already seen in case of CCK and 
angiotensin II.

Vasopressin and Oxytocin
These hormones are synthesized by the neurons of supraop-
tic and paraventricular nuclei of the hypotha lamus. They 
are transported along their axons to the posterior pituitary. 
We have already seen how vasopressin or antidiuretic hor-
mone (ADH) is released under conditions of hyperosmo-
larity or hypovolemia (Fig. 15.3.3). Oxytocin is released 
during delivery and during suckling. In these two situa-
tions it helps in involution of the uterus and ejection of milk 
respectively. For some more details about oxytocin, see 
Chapter 10.4.

Sleep
The suprachiasmatic nucleus and preoptic area of the hypotha-
lamus are among the neural structures, electrical stimulation of 
which induces sleep in experimental animals (Chapter 16.2). 
Some hypothalamic lesions also induce sleep, possibly by 
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damaging nerve fi bres belonging to the ascending reticular 
activating system (ARAS). The signifi cance of these fi ndings, 
is, however, still not wel understood. What is understood better 
is the general role of hypothalamus in circadian pheno mena, of 
which sleep is one.

Circadian Rhythms
Several body functions show a circadian (24 hour) rhythm. 
These functions include feeding, drinking, locomotor activity, 
sleep, corticosteroid secretion, body temperature and melatonin 
secretion by the pineal. Most of these functions are regulated 
by the hypothalamus. Therefore it is only appropriate that a 
mechanism for maintaining the circardian rhythmicity of these 
functions is located in the suprachiasmatic nucleus (SCN) of 
the hypothalamus.
 The rhythm of the endogenous clock is normally an exact 
24-hour rhythm. This precision is achieved by the normal 
24-hour light-dark cycle. Information about light and dark-
ness is conveyed to the SCN by retino hypothalamic fi bres 
as well as afferents from the lateral geniculate nuclei. If the 
SCN is deprived of this information, the precision of cir-
cadian rhythms is disturbed but an approximately 24-hour 
rhythm is still maintained (Fig. 15.3.4). Therefore SCN has 
also been termed an endogenous biological clock. The func-
tional basis of the clock seems to be the rhythmic discharge 
exhibited by SCN neurons even in vitro after removal from the 
brain.
 What is the significance of introducing an element of 
rhythm in so many functions of vital importance?
 It has been speculated that the rhythm helps anticipate 
physiological defi cits. For example, a 24-hour feeding rhythm 
introduces a certain compulsion, a certain mechanical periodic-
ity, in the act of eating. The animal does not instead wait for a 
caloric defi cit to signal the need for food.

CHEMICAL CHARACTERIZATION OF 
NEURONAL CIRCUITS

Neurobiology has advanced beyond identifi cation of neuronal 
pathways and their function. Now it is also possible to char-
acterize the neurotransmitters released by different sets of 
neurons in the pathway. The signifi cance of such work goes 
beyond its academic value. It helps us understand why some 
drugs lead to addiction. It also places on a rational footing 
pharmacological manipulation of the neurotransmitter pro-
fi le in order to infl uence behaviour. Some of the major known 
neuro transmitter systems which are involved in hypothalamic 
functions have been shown in Table 15.3.4.

CONCLUSION
There is hardly any function essential to preservation of self or 
preservation of the species which is untouched by the hypotha-
lamus. It is much more than the head ganglion of the autonomic 
nervous system, as Sherrington had described it. Today it may 
be considered the fountainhead of neuroendocrine control, the 
neural knot that makes life worth living.

QUESTIONS AND PROBLEMS

1. How do infections produce fever?
2. What is antipyretic area and what is its signifi cance?

ANSWERS AND SOLUTIONS
1. Infections lead to fever due to the release of pyrogens such 

as interleukin-1 (IL-1) from macrophages. The pyrogens 

Fig. 15.3.4: Circadian rhythm of locomotor activity in rats. A. Rats 
exposed to a 12-h dark (D) and 12-h light (L) cycle resembling a 
normal day. Being nocturnal animals, rats show much more activity 
in dark than in light. B. Rats exposed to continuous darkness. 
Locomotor activity still maintains circadian rhythmicity, although less 
precise than in A. The persistence of rhythmicity in the absence of 
an external cue indicates an endogenous biological clock.

Table 15.3.4: Major neurotransmitter systems of 
the hypothalamus

Neurotransmitter Field of activity Function

Serotonin Neurons of midline Sleep
 raphe nuclei, projecting Endogenous relief
 to limbic system from pain,
 and hypothalamus Circadian rhythms.   
  Food intake. Regula-
  tion of temperature
Norepinephrine Locus ceruleus Secretion of ADH
 system. Projects to and oxytocin,
 supraoptic, Secretion of
 paraventricular and releasing and
 periventricular inhibiting hormones.
 nuclei of hypothalamus Food intake. Regula- 
  tion of temperature.   
 Mood elevation.
Histamine Diffuse projection Sleep-wakefulness.
 from posterior Drinking behaviour.
 hypothalamus Sexual behaviour.
  Pain.
Dopamine Mesolimbic Motivation.
 system Mood elevation.
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are able to enter the hypothalamus due to a poor blood-
brain barrier. They act on the preoptic area to raise the set 
point for body temperature. The body now tries to raise 
the temperature to the new set point, thereby leading to 
fever.

2. Antipyretic area is located in the septal nuclei, which are 
situated anterior to the preoptic area. Fever activates the 

antipyretic area, which limits the extent of rise in body tem-
perature. Antipyretic activity is associated with the release 
of vasopressin as a neurotransmitter. Many antipyretic 
drugs act by releasing vasopressin in the antipyretic area. 
Febrile convulsions, which are particularly common in chil-
dren, also seem to be precipitated at least partly by the vaso-
pressin released in the antipyretic area.
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15.4
Physiology of Emotions

Everybody understands what emotions are but nobody has 
been able to generate a satisfactory description of emotions. 
However, attempts to describe emotions have generated a lot of 
emotion, primarily because of divergent opinions regarding the 
relative importance of the experience and expression of emo-
tions. It is generally agreed that emotional experience begins 
with a sensory stimulus, e.g. seeing a snake. Seeing a snake 
leads to both an experience of fear, and bodily expression such 
as an increase in heart rate. The controversy is what comes 
fi rst: does the fear lead to acceleration of the heart, or does the 
tachycardia induce fear (Fig. 15.4.1). According to the James-
Lange theory, the racing heart induces fear. The theory was 
challenged by Cannon and Bard, because in their studies of the 
fi ght, fl ight and fright reaction, the bodily responses were too 
undifferentiated to be capable of explaining varying emotional 
experiences. There is a trend towards synthesis because there is 
some truth in both points of view. Commonsense may suggest 
that experience must precede physical manifestations. But the 
fact is that even tachycardia induced by an injection of adrena-
line is capable of generating fear and anxiety. Antonio Damasio 
has recently revived and refi ned the James-Lange theory and 
proposed that the brain learns to construct emotions on the 
basis of physical symptoms (the ‘somatic marker hypothesis’). 
Damasio has, in fact, classifi ed emotions into primary and sec-
ondary. Primary emotions are innate, such as the fear of large 
size. In these cases, the stimulus leads to an emotional experi-
ence directly, and also to the physical symptoms. Secondary 
emotions are acquired later: any stimulus which generates 
symptoms similar to those induced by primary emotions leads 
to an emotional experience because the brain has learnt to asso-
ciate those symptoms with either aversive or pleasant stimuli. 
It is understandable that even if some emotion is experienced 
as soon as a stimulus has been evaluated1, the physical mani-
festations which follow can potentiate the experience. Further, 
a little refl ection would show that emotions can be generated 
even without a stimulus. For example, mere thought of a happy 
event belonging to the past, or anticipation of one in the future, 
can evoke the emotion of pleasure.

 The above discussion has gone into some of the intricacies 
inherent in the topic without touching their neurophysiological 
basis. The neurophysiological mechanisms form the subject of 
the next few pages.

STIMULUS EVALUATION
The emotional signifi cance of a sensory stimulus is evalu-
ated both at conscious and unconscious level. The uncon-
scious evaluation takes place fi rst, and depends on the integrity 
of the amygdala. Conscious evaluation needs, in addition to 
the amygdala, the cerebral cortex, and also involves the hip-
pocampus for the storage of memory about the context of the 
stimulus. The signifi cance of unconscious evaluation, which 
is a primitive mechanism, is to elicit quick responses which 
would minimise the harmful effects of an unpleasant or dan-
gerous stimulus. The signifi cance of conscious evaluation is 
that it helps us in designing steps and strategies which would 
minimize the possibility of a future encounter with the harmful 
stimulus. Adding a conscious element to the automated uncon-
scious apparatus improves the range, fl exibility and effi ciency 
of the responses. As Antonio Damasio puts it, “conscious ness 
buys an enlarged protection policy”. Conscious evaluation 
of stimuli also helps the animal in taking steps which would 
improve the probability of fi nding food or a mate, and helps 
human beings in seeking more sophisticated forms of pleas-
ure. Unconscious and conscious evaluation are not entirely 
independent phenomena: there are rich to and fro connec-
tions between areas of the brain involved in the two types of 
evaluation.

1 The choice of the word ‘evaluated’ rather than ‘perceived’ is deliberate. The neurophysiological mechanisms which perceive the modality and charac-
teristics of a sensory stimulus are different from the mechanisms which lead to emotions. Emotions mainly require evaluation of the stimulus as pleas-
ant, unpleasant or neutral.

JAMES-LANGE THEORY

Stimulus  Physical manifestations  Emotional experience

CANNON-BARD THEORY

Stimulus  Emotional experience  Physical manifestations

Fig. 15.4.1: The two best known theories related to emotions.
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EMOTIONAL EXPRESSION

If a sensory stimulus has emotional signifi cance, it leads to 
responses which are primarily of three types. One category 
of responses are the autonomic and neuro endocrine responses 
which improve the ability of the organism to face a stressful 
situation. The second category of responses are skeletal muscle 
responses which tell others about our emotional state. Finally, 
the stimulus generates feelings.

Autonomic and Neuroendocrine Responses
These responses are coordinated by the hypothalamus, mainly 
the posterior and lateral hypothalamus. They are mediated by 
projections of the midbrain reticular formation to the auto-
nomic nervous system and consist primarily of increased activ-
ity of the sympathetic nervous system and release of adrena-
line from the adrenal medulla. We have already learnt how the 
increased cardiorespiratory activity and mobilization of glyco-
gen and triglyceride reserves by these responses help in coping 
up better with a stress (Chapter 15.1). These responses were 
studied extensively by Walter Cannon and designated the fi ght, 
fl ight and fright reaction.

Skeletal Muscle Responses
Emotional states affect limb and facial muscles. It is prima-
rily these (besides autonomic responses such as fl ushing or 
blushing) which tell others about our emotional state. Pacing 
up and down is a primitive response which human beings also 
display in stressful situations. However, the best give-away in 
humans is the facial expression. Employing of facial muscles 
for expressing emotions is a phenomenon seen only in higher 
mammals such as dogs and primates. However, the pathway 
employed for emotional expression is different from that for 
voluntary movements. Voluntary move ments employ the cor-
ticospinal (pyramidal) pathway (Chapter 14.2), while invol-
untary movements employ extrapyramidal pathways. A smile 
needs contraction of the zygomatic major and orbicularis oculi. 
Of these, orbicularis oculi can be contracted only involuntarily. 
Therefore a genuine smile can be generated only involuntarily 
by emotion. It employs the pathway from the amygdala to the 
anterior cingulate down the basal ganglia to the spinal cord, 
and leads to a simultaneous involuntary contraction of both the 
zygomatic majors and the orbicularis oculi. An artifi cial smile, 
generated voluntarily, employs the pathway from the motor 
cortex (face area) down to the spinal cord via corticospinal 
tracts, and leads to voluntary contraction of only the zygomatic 
majors. That is why a voluntary smile occupies only the lower 
part of the face. Only some specially gifted persons can mimic 
genuine emotion, and some of them become highly acclaimed 
actors.

Feelings
Feelings are the effect of the emotions on the subjective well-
being. Feelings originate through two broad mechanisms: indi-
rectly via visceral effects, and directly through changes in neu-
rochemistry of the brain. For example, changes in gut motility 
resulting from the autonomic effects of emotions may stimu-
late sensory nerve endings in the gut wall. This sensory input 

may add to the feeling of uneasiness generated directly by the 
original stimulus. The direct effect is due to the hormones and 
peptides released by the stimulus (e.g. endorphins, serotonin, 
dopamine, norepinephrine, and peptide neuromodulators). 
These chemicals affect certain systems in the brain to generate 
feelings. One of the better worked out reward circuits in the 
rats consists of dopaminergic fi bres in the ventral tegmental 
area, which in turn may be stimulated by catecholaminergic 
neurons of the locus ceruleus. Some drugs of addiction (opi-
ates and cocaine) create a sense of pleasure by stimulating this 
system. Clues to the neurotransmitters involved in human feel-
ings have come from the clinical observation that most of the 
antidepressants increase the level of either norepinephrine or 
serotonin in the brain. Noradrenergic pathways originating in 
locus ceruleus, and serotonergic pathways originating in raphe 
nuclei, both projecting to the limbic system and cerebral cortex, 
exist, and possibly contribute to our sense of well-being.

OVERVIEW OF NEUROPHYSIOLOGICAL 
MECHANISMS

Neurophysiological mechanisms of emotions in man, like 
other biological mechanisms, have evolved from those in 
lower animals. In reptiles, the most prominent part of the brain 
is the limbic system. It is here that the unconscious evaluation 
of the stimulus takes place and neuroendocrine responses to 
emotional stimuli are organized. In human beings, these mech-
anisms are essentially intact, but have also developed a rich 
connectivity with the neocortex, which has over shadowed the 
limbic system. That is why in human beings conscious evalua-
tion of the stimulus has also become an important feature, and 
emotional experiences have become an integral part of cogni-
tive processes. An overview of the neurophysiology of emo-
tions has been given in Fig. 15.4.2.

EMOTIONAL OR RATIONAL?
It is customary advice that we should take decisions rationally, 
not emotionally. It is true that getting carried away by emotions 
can play havoc with our capacity for taking right decisions. But 
it has also been found that reason alone, in the absence of feel-
ings, frequently leads to wrong decisions. The subject has been 
highlighted recently by the neurologist, Antonio Damasio. 
There are patients with prefrontal damage whose ability to feel 
emotions is impaired but whose reasoning remains intact. They 
also suffer in life, often due to wrong decisions. A classical 
case is that of Phineas Gage. Phineas Gage was the leader of 
a group of men working on the laying of a new railway track 
in Vermont, U.S.A. He was highly competent, effi cient, proud 
of his work, and very popular with his colleagues because of 
his helpful and charming personality. All this changed in an 
instant on 13 September 1848 at 4.30 p.m. Gage had arranged 
an iron rod and explosive in the core of a rock, which had to 
be blown up to clear the way for laying the railway track. One 
minor slip, and the iron rod fl ew into Gage’s left cheek, pierced 
the base of the skull, went through the brain and fl ew out 
through the top of his head and landed more than thirty metres 
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away. The ghastliness of the tragedy may be assessed from 
the dimensions of the iron rod: it was 6 kg in weight, more 
that a metre long, and more than 3 cm in diameter. However, 
what mitigated the impact of the accident was that the leading 
end of the rod tapered to a point only about half a centimetre 
in diameter. Hence the wound was more like a clean surgical 
cut than random widespread damage. But it was amazing that 
within a few minutes of the accident, Gage was conscious and 
speaking. About an hour after the accident, when the doctor 
examined him, Gage could himself narrate the sequence of 
events. Treated with just antiseptic cleaning and nursing care, 
he recovered ‘completely’ within two months. What marred 
the complete recovery of his physical abilities and skills was 
a dramatic change in his personality. Formerly a decent man 
of good character, he now started using vulgar language and 
became inconsiderate towards others. Formerly smart, shrewd 
and persistent in executing his well designed plans, he would 
now devise several plans but would abandon them equally 
promptly. Conse quently, he lost his job. After leading a life in 
which he changed many jobs (including one with a circus in 
which he could display his wound), he died in 1861 at the age 
of thirty eight. Here was a man whose faculties of perception, 
memory, language, logic and mathematics were intact but who 
still had serious diffi culty in behaving well. The principal fac-
ulty he had lost was that of feeling, for others or for himself. 
He had special diffi culty with refraining from vulgar and unso-
cial behaviour, and he could not make right choices. Hannah 
Damasio and her colleagues have done some detective work 
on Gage’s skull, which has been preserved in a museum. Their 
research has led to the conclusion that the damage was mainly 

in the ventromedial prefrontal cortex, more on the left than 
on the right side. Although not as dramatic in their history as 
Phineas Gage, there are several other patients with a lesion in 
the prefrontal cortex. Many such cases were artifi cially pro-
duced when Egas Moniz performed prefrontal leucotomy on 
a large number of patients suffering from anxiety and agita-
tion. In these patients also perception, memory and language 
were not affected. The patients were relieved of anxiety, but 
now they were abnormal in the opposite direction. They were 
extremely calm and their emotions were fl at. Simul taneously, 
these patients also demonstrated a lack of drive and extreme 
indecisiveness. In short, there is plenty of evidence to suggest 
that even when the highest faculty of man, reasoning, is intact, 
but a relatively lower faculty, emotions, is impaired, something 
goes seriously wrong with life. Right decisions, which we feel 
depend only on reasoning, become diffi cult. The most recently 
evolved faculty seems to need a relatively primitive faculty as 
a companion for functioning adequately. Why this is so has 
been explained by Antonio Damasio through a well-argued 
hypothesis, which is the subject of his popular book, Descartes’ 
Error. His hypothesis runs somewhat like this: in order to deal 
with a situation we use reasoning to arrive at a few alterna-
tive courses of action. We again use reasoning to anticipate 
the consequences of each option. Some of these consequences 
are pleasant, some not so pleasant, or frankly unpleasant. We 
evaluate the emotional consequences of each course of action, 
and choose the option likely to lead to the most pleasant conse-
quences (Fig. 15.4.3). A patient with reasoning intact but loss of 
emotions can work out the options and their consequences. But 
the pleasantness or unpleasantness of the consequences does 

Fig. 15.4.2: Schematic representation of the neurophysiology of emotions. Rectangles drawn with dotted lines represent the major areas 
where unconscious stimulus evaluation (1), conscious stimulus evaluation (2), and organization of responses (3) respectively take place. 
The seats of feelings are possibly (2) and the thalamus.
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not mean anything to him. Therefore he is unable to evaluate 
the options properly, and may end up choosing an option which 
leads to unpleasant consequences. The unpleasant  ness may not 
matter to him, but if his action leads to loss of his job, the star-
vation which follows does matter to him. That is how life can 
be ruined if emotions are lost even when reasoning is intact. 
That is why Damasio says that “emotions are not a luxury”. 
And, their role is not confi ned to motivating an animal to seek 
food or a mate, or to keep away from danger. These primitive 
functions may not be that relevant in human beings. But human 
reasoning also needs feeling for optimal functioning.

MIND-BODY CONTINUUM
The development of modern science was influenced pro-
foundly by Descartes’ well-known sharp division between 
the body and the mind. The mind, which to Descartes was the 
same as the soul, was considered outside the purview of sci-
ence. The remarkable achievements of science in the material 
sphere added to neglect of the mind. Over the last hundred 
years, growth of psychology and advances in subatomic phys-
ics have drawn attention to the mind as a subject worth study-
ing and have blurred the objective/subjective or material/non-
material divide. This collapse of boundaries has also affected 
medicine during the last fi fty years, and is now on the verge of 
revolutionising the practice of medicine. The signifi cant ele-
ments of the mind-body relationship relevant to medicine have 
been discussed below.

Psychoneuroimmunology
Mind infl uences the body in a profound manner through neu-
roendocrine mechanisms. The bodily changes induced by 
emotions include not only those on the heart, blood vessels, 
respiration and gut but also on the immune system. Positive 
emotions such as love and joy enhance immunity, whereas 

negative emotions such as anger, hostility and depression 
impair immune function. The effects on immunity have been 
measured in terms of natural killer cell activity, proliferation 
response of lymphocytes to mitogens, and antibody titer. These 
effects can be measured and expressed in fi gures. By showing 
the effect of subjective emotions on objective parameters, such 
studies have bridged the mind-body gap in terms considered 
valid by modern science. This area of knowledge is called psy-
choneuroimmunology, and is growing rapidly.

Implications for Disease
Stressful situations in human beings differ from those in ani-
mals in at least two respects. First, animals seem to experience 
only acute stress. Human beings relive misery of past events 
and also worry about uncertainties of the future. The result is 
that human stress tends to be chronic. Secondly, when faced 
with stress, animals either fi ght or fl ee: both these actions 
involve physical activity. The physical activity becomes easier 
because of the sympa thetic overactivity in response to emo-
tions. The breathing is rapid and deep, the bronchi are dilated, 
and therefore the body is equipped for an increase in oxygen 
consump tion. The cardiac output is high, and therefore the 
body is equipped for pumping additional blood to exercising 
muscles. In short, the autonomic responses to emotions are 
appropriate for physical activity, and thereby make the body 
ready for the fi ght or fl ight associated with stressful situations. 
But in human beings, civilized behaviour demands that physi-
cal activity be avoided, no matter how much the provocation. 
The result is that cardiac output is increased but additional 
blood fl ow is not required anywhere in the body. Blood vessels 
are constricted all over the body due to sympathetic overac-
tivity. The combination of high cardiac output and constricted 
vessels leads to a steep increase in blood pressure and an enor-
mous increase in the workload of the heart without serving 
any physiological purpose. In acute stress, these changes are 

Fig. 15.4.3: Antonio Damasio’s hypothesis explaining why the capacity to feel is important for taking correct decisions.
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promptly reversed. But if stress becomes chronic, the eleva-
tion in blood pressure becomes persistent, leading to clinical 
hypertension. Thus mechanisms which were useful for facing 
acute stress in animals become harmful in the chronic stress of 
human beings. That is how emotional problems may manifest 
as hypertension, a physical disorder. In a similar way, several 
other physical disorders may be considered to be manifesta-
tions of emotional problems: a few examples are coronary 
artery disease, diabetes mellitus, peptic ulcer and tension 
headaches. Psychoneuroimmunology has provided the scien-
tifi c basis for expanding the list to include infectious diseases, 
cancer, autoimmune diseases and allergies.2

Implications for Treatment
Fortunately, the effects of emotions on the body work both 
ways. Mental relaxation leads to a response which is essen-
tially the opposite of the stress response. In cats, stimulation of 
the posterior hypothalamus induces the fi ght-or-fl ight response, 
and stimulating an area in the anterior hypothalamus induces 
a response which is essentially opposite to the fi ght-or-fl ight 
response. Walter Hess termed the latter response the tropho-
tropic response because he believed this response restores the 
damage or exhaustion induced by the fi ght-or-fl ight response. 
Herbert Benson and his colleagues discovered that meditation 
induced in man a response similar to the trophotropic response, 
and called it the relaxation response. Relaxation response 
consists of a decrease in heart rate, blood pressure, respira-
tory rate, oxygen consumption and skeletal muscle tension, 
and an increase in alpha waves in the electroencephalogram 
(Chapter 16.2). Recent studies have shown that mental relxa-
tion also enhances the immune response. Although immuno-
enhancement is not as acute a response as a decrease in heart 
rate or respiratory rate, some changes have been demon-
strated within a very short time. For example, students who 
watched a movie about Mother Teresa’s work among the sick 
and dying showed a signifi cant increase in salivary IgA levels 
after watching the fi lm. A control group of students who were 
shown a relatively neutral fi lm did not show any such change. 
If mental stress can contribute to a wide variety of illnesses 
through its physiological effects, and if mental relaxation has 
physiological effects which are essentially opposite those of 
stress, it naturally suggests the possibility that mental relaxa-
tion may be able to heal these diseases. This possibility has 
been tested extensively in the recent past, and has generally 
been confi rmed. Now, it so happens that the most potent for-
mulae for lasting mental peace, which work even in adverse 
circumstances, are enshrined in ancient spiritual disciplines 
such as yoga. That is how ancient wisdom has entered main-
stream scientifi c medicine.

YOGA AND EMOTIONS
Yoga means equanimity, says The Gita (Chapter 2, Verse 48). 
How does yoga achieve equanimity, or evenness of emotions? 

It does so essentially by altering our worldview. The yogic 
worldview is based on spiritual philosophy, which looks 
at the world as an expression of the Divine principle, or the 
Spirit.3 The spirit is the deeper reality underlying the surface 
appearance of things, events and people. The fi rst casualty of 
this worldview is our egoism, which is at the root of most of 
our problems. The endless string of desires, and strong likes 
and dislikes, which are a major source of stress emanate from 
egoism. The spiritual view of life reveals a common thread that 
unites not only all humanity, but all that is there in the universe, 
animate and inanimate. Hence the boundaries that demarcate 
individuals get blurred. The wall that divides us from the rest 
of the universe starts crumbling. After this transformation, 
strong likes and dislikes of people are not possible. All events 
become part of a complex design drafted by the Divine, and 
therefore an expression of supreme wisdom. Hence we sur-
render to the events with a sense of delight instead of judg-
ing them with our limited and erroneous mind. All work that 
comes to us becomes an assignment for which the Divine 
has chosen us as His instrument. Therefore the sense of ego 
as doers of the work, and expectation of reward or apprecia-
tion for the work becomes unjustifi able. In short, the yogic 
worldview gives us a unique way of looking at people, events 
and circumstances. Things do not change, but our way of 
looking at them changes. Now we look at people, events and 
circumstances with a non-judgemental, all accepting loving 
attitude. The freedom to look at things the way we like is the 
ultimate freedom because nobody can take it away from us. 
Yoga gives us the most enlightened version of this freedom. 
Nothing outside may change, but we change within, and 
hence are no more miserable: in fact, we experience immense 
joy and delight. A better prescription for lasting inner peace, 
which is independent of external circumstances, is yet to be 
written.
 If yoga confers equanimity, how is it different from prefron-
tal lobotomy? Does it mean that yoga will also lead a person to 
wrong decisions? The answer is both yes and no. Yes, because 
to a person in yoga many things which matter a lot on the basis 
of human reasoning, such as money, rewards or status, may not 
matter. Therefore he may make a big donation, or spurn the 
offer of a prestigious position, and these decisions of his may 
be viewed by others as ‘wrong’ decisions. However, the answer 
is also ‘no’, because there is one profound difference between 
yoga and prefrontal damage. In prefrontal damage, the person 
does not feel and cannot feel. In yoga, the person does not feel 
but can feel. Since the person in yoga has not lost the capac-
ity to feel: he still retains one emotion, the emotion of love.4 
Therefore a person in yoga can use a combination of logic and 
love to arrive at decisions which are consistent with a particu-
lar worldview. His decisions may be different from those of 
others, but the difference is because he uses a different variety 
of logic, and the rare emotion of universal unconditional love, 
to guide his decisions. His apparatus for decision-making is 

2 Most of these diseases are multifactorial in etiology, one of the contributory factors frequently being mental stress.
3 The spiritual philosophy on which yoga is based is Vedanta. But other spiritual philosophies are also remarkably similar in their basic features.
4 The Mother (of Sri Aurobindo Ashram) called it emotional austerity: retain only one emotion, that of love; and retain it for only one, the Divine. The 
Divine resides in all, and therefore the love becomes universal.
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5 In this context, it may be recalled that Phineas Gage had also suffered more damage to the left than the right prefrontal cortex.

normal: a combination of reason and emotion, but his yardstick 
is unusual.

CONCLUSION
In spite of all his apparent rationality, emotions are an integral 
part of the human organism. Almost every sensory experience 
has an affective component. The pleasant effect of a loving 
touch is almost as much a need as food, water or sex. Desmond 
Morris has an interesting theory to explain this. During intrau-
terine life, the fetus is continuously in touch with the amniotic 
fl uid. The constant touch creates in the mind an association 
between touch and a sense of security. That is why a newborn 
seems scared whenever it is not intimately covered all over with 
a piece of cloth. In old age, a person may be left with nobody 
close to provide a loving touch. That can lead to depression, a 
rather frequent phenomenon in the western culture where it is 
common for the elderly to live alone. In such cases, sometimes 
people have to depend on a pet dog or a cat, or even a soft 
toy to satisfy the need for a loving touch. However, there is a 
subtle but important distinction between the need to love and 
the need to be loved. If the need for love can be transformed 
into the urge to love, one can always fi nd, under almost any 
circumstances, objects of love. Love and other emotions are 
powerful motivators and therefore killing them robs a person 
of his energy and drive. That is why yoga, specially the yoga 
of Sri Aurobindo and the Mother, talks of transformation of 
this potent force rather than its elimination. All emotions can 
be channelised into the single emotion of love: universal and 
unconditional love that does not expect anything in return. The 
result of this most divine of emotions is the feeling of pure, 
unmixed and lasting joy. Now that the immunoenhancing 
effects of joy have been revealed, it is not surprising that those 
who cultivate love for others generally live long. Studies have 
shown that the single factor common to all those who live long 
is their immense love for the people around them. Thus love for 
others, unwittingly, turns out to be the best form of self-love.
 Richard Davidson has recently described cerebral asym-
metry in relation to emotions. Those in distress, or gripped by 
anger and anxiety, show a high degree of activity in the amy-
gdala and right frontal cortex. On the other hand, these areas 
are relatively silent in those immersed in positive emotions 
such as love and joy: they show high activity in the left pre-
frontal cortex.5 The right/left prefrontal activity ratio shows a 
bell shaped distribution. In his study, those with a high degree 
of tilt towards left prefrontal activity are some Buddhist monks. 
It has been argued whether their meditative techniques and cul-
tivation of love have made them the ‘left prefrontal types’ or 
whether people who are already ‘the left prefrontal types’ are 
likely to have a fancy for meditative practices. The question is 
ingenious, and scientifi cally valid. But it also refl ects a basic 
presumption of modern science, which it is only beginning 
to overcome. The presumption is that a phenomenon (such as 
love) should have a physical basis (such as activity of a certain 
part of the brain, or release of a certain neurotransmitter). That 
a non-material entity (such as love) may lead to a material or 

physical change (such as altered activity in a part of the brain) 
challenges this basic presumption. The core of the presump-
tion is that the cause must be physical even if the effect is not. 
However, now there is evidence that the presumption is not 
valid. Although the broad wiring of the brain is genetically 
determined, many details are shaped by cognitive experiences. 
This is spoken of as neuronal plasticity, i.e. the vulnerability 
of the brain to moulding infl uences. Cognitive experiences can 
lead to an increase in the number of synapses and a change in 
the neurotransmitter profi le in selected circuits. Emotions are 
also a cognitive experience, and therefore it is not surprising 
if they tilt the balance of activity in the prefrontal cortex. The 
implication of this discussion is that anybody can, through per-
sonal effort, work towards a more desirable right/left prefron-
tal profi le. There may be some genetically determined differ-
ences at the starting point, but effort would benefi t everybody; 
nobody is beyond redemption.

QUESTIONS AND PROBLEMS
1. Enumerate the effects of a sensory stimulus on the body and 

the corresponding areas of the brain involved.
2. Will a stroke which destroys the face area of the motor cor-

tex affect a patient’s ability to smile?
3. Can emotions be generated without a real stimulus?

ANSWERS AND SOLUTIONS
1. The effects have been enumerated below. If you do not 

understand them, consult appropriate chapters of the book 
for details.

 Effect Brain areas involved

1. Awareness of stimulus Specifi c nuclei in posterior
 characteristics  thalamus  appropriate area of 
  the (such as modality, shape, 
  movement, localization)
  postcentral gyrus (In case of 
  visual stimuli, LGN  Area 17)
2. Interpretation of the Association cortex
 stimulus
3. Affect/emotional experience Amygdala, prefrontal cortex
4. Emotional expression Prefrontal cortex limbic system 
  (including hypothalamus)
5. Arousal Nonspecifi c nuclei of thalamus  
  all areas of the cerebral cortex
6. Motor response Association cortex, premotor
 (voluntary movements) cortex, motor cortex

2. No, it will not affect the genuine smile because motor cor-
tex is required only for voluntary movements.

 If the motor cortex is affected only on one side, say on 
the right side, the left side of the face will be paralysed. 
Unopposed tonic contraction on the right side will pull 
the mouth to the right side, making the face asymmetrical. 
Voluntary contraction, e.g. an attempt to smile voluntarily, 
will accentuate the asymmetry because only muscles on the 
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right side will contract. But a genuine smile, which uses 
only extrapyramidal pathways, will be symmetrical, and 
will abolish the facial asymmetry for the duration of the 
smile. Besides the symmetry, will the genuine smile differ 
in any other way as well? (Hint: the orbicularis oculi will 
participate only in the genuine smile. For details, see the 
text).

3. Yes, not only the feelings but also the somatic manifesta-
tions can be generated without a real stimulus. Think of 
an occasion in the past when someone shouted at you, or 

insulted you. The memory may bring back some of the 
anger, and if someone were to monitor your heart rate, it 
would register a rise. The fact is made use of in relaxation 
techniques. Close your eyes and imagine a beautiful sunset 
or snow-clad mountains. Feel as if you are actually there. 
You will feel relaxed, and your heart rate will fall. In other 
words, thoughts (not a physical entity) can be the cause of 
a physical effect (neuronal activity). The question is, how? 
The methods and presuppositions of modern science make 
it diffi cult to probe this question.
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16.1
Reticular Formation

The brain is essentially a complex cephalic enlargement of the 
spinal cord. The transition from the spinal cord to the brain 
is gradual and continuous. The brainstem (medulla, pons and 
midbrain) retains the basic structure and relationships of the 
spinal cord in a fairly clear and recognizable form. The spinal 
cord has sensory and motor neurons and fi bre tracts, and so 
does the brainstem. In addition, the spinal cord has a network 
of interneurons. The brainstem structure corresponding to these 
inter neurons is the reticular formation (reticulum, little net). 
The term reticular formation is based on the complex net-
work which its constituent neurons and their processes form. 
The network is apparently disorganized. But even the limited 
inroads that have been made into its complexity have shown it 
to be highly organized. The reason for its enormous complexity 
is the richness of its connections. The neurons of the reticular 
formation have long and highly branched processes. The proc-
esses establish specifi c but extensive to and fro connections 
between the reticular formation and spinal cord, hypothalamus, 
other limbic structures, cerebellum, thalamus and cerebral 
cortex.

ANATOMY
Anatomically, reticular formation (RF) may be referred to as 
medullary, pontine and midbrain RF. Or, its neuronal groups 
(nuclei) may be classifi ed in terms of their distance from the 
midline. The midline nuclei are called the raphe nuclei (raphe, 
midline seam). Lateral to the raphe are the large celled nuclei, 
and still more laterally are the small celled nuclei.

Efferent Connections
The efferent connections of the reticular formation may be 
divided into ascending and descending projections.

Ascending Projections
The large cholinergic neurons of midbrain and pontine RF 
project to the cerebral cortex via relays in the thalamus. The 
small adrenergic neurons spread over the entire length of RF 
also project extensively to the cerebral cortex via relays in the 
intralaminar nuclei of the thalamus. The serotonergic neurons 
of raphe nuclei in the lower pontine and medullary RF also 

project to the thalamus and cerebral cortex besides projecting 
to the hypothalamus and limbic structures.

Descending Projections
The pontine and medullary reticulospinal tracts project to 
the spinal cord where they affect extensor muscle tone. 
Besides, motor function is also infl uenced by RF indirectly. 
Noradrenergic neurons from several areas of the RF project to 
the cerebellum, and dopaminergic neurons of midbrain RF and 
substantia nigra project to the basal ganglia. The infl uence of 
cerebellum and basal ganglia on motor function has been dis-
cussed in previous chapters.
 Serotonergic neurons in the raphe nuclei of medullary RF 
project to the substantia gelatinosa of spinal cord where they 
control transmission of pain impulses.
 Neurons of the RF also project to the respiratory, vagal and 
sympathetic preganglionic neurons to control respiration, car-
diac function and vasomotor function.

Afferent Connections
All sensory inputs, besides following well-defi ned specifi c 
pathways, also send collateral connections to the ascend-
ing RF. The fi bre tracts conveying slow pain send the richest 
collateral connections to the ascending RF. In addition, all the 
structures to which RF projects send reciprocal connections to 
the RF.

NEUROTRANSMITTERS
At least four systems employing different neuro trans mitters 
have been identifi ed in the RF. The projections of the cholin-
ergic, noradrenergic, dopaminergic and serotonergic systems 
have been discussed above with the ascending efferent connec-
tions. In the serotonergic system, a neuroactive peptide usually 
co-exists in the same neuron. Serotonergic neurons having dif-
ferent peptides accompanying them may project to different 
cells, or different combinations of transmitters may control the 
activity of the same cell differently. One of the substances may 
act as a transmitter, and the other as a modulator. The possibili-
ties for different ways in which combinations of neurotransmit-
ters may exert their effect are virtually endless.
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FUNCTIONS

Some functions of RF have been discussed at appropriate 
places in previous chapters, and some will be discussed in sub-
sequent chapters. But the various functions may be summa-
rized here.

Sleep-Wakefulness
Serotonergic neurons of the raphe nuclei induce slow wave 
sleep (Chapter 16.3). Some sections of the adrenergic and 
cholinergic RF infl uence dream sleep. Sensory inputs pro-
jecting to the ascending reticular system activate the cerebral 
cortex as a whole, leading to an awake and alert state of con-
sciousness. That is why the ‘nonspecifi c’ ascending fi bres of 
RF projecting extensively to the cerebral cortex via intralami-
nar thalamic nuclei are also referred to as the ascending reticu-
lar activating system (ARAS).

Motor Function
RF modulates the tone of the extensor (antigravity) muscles. 
The pontine (medial) reticulospinal tract has an excitatory and 

the medullary (lateral) reticulospinal tract has an inhibitory 
infl uence on extensor muscle tone.

Autonomic Function
RF infl uences all autonomic functions through its connec tions 
with the limbic system and hypothalamus. The respiratory 
function has been demonstrated by electrical stimulation of 
discrete areas in the brainstem (Chapter 4.5).

Modulation of Pain
Serotonergic neurons of the medullary raphe nuclei form a part 
of the endogenous pain relief system. By affecting the trans-
mission of pain impulses through the substantial gelatinosa of 
the spinal cord, these neurons modulate the perception of pain 
(Fig. 12.7.5).

CONCLUSION
Reticular formation forms the core of the brainstem. Its con-
nections are complex and extensive. There is hardly any part 
of the central nervous system with which RF is not connected, 
and there is hardly any function of the body which it does not 
infl uence.
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16.2
Electroencephalography 
and the Neurophysiology 

of Sleep-Wakefulness

Electroencephalography is a technique while sleep is a physi-
ological process. The two have been clubbed together in this 
chapter because electroencephalography is the technique that 
has been applied the most to the study of sleep-wakefulness. 
However, electroencephalo graphy may be, and has been, put to 
other uses; and there is a lot more to sleep-wakefulness than its 
electro encephalographic correlates.

ELECTROENCEPHALOGRAPHY
Electroencephalography involves recording the electrical activ-
ity of the brain with the help of surface electrodes placed on the 
scalp. The record is called an electro ence phalo  gram (EEG). If 
the electrodes are placed on the surface of the cerebral cortex, 
as in an experimental animal or in a patient during neurosur-
gery, the record is called an electrocorticogram (ECoG). To 
record an EEG, the electrodes are placed in the frontal, pari-
etal, temporal and occipital regions according to a precisely 
defi ned system. These are called active electrodes. An indiffer-
ent electrode may be placed on the tip of the seventh cervical 
vertebral spine or may be attached to both ears and earthed. 
An EEG records the potential difference between two active 
electrodes (bipolar recording), or between an active and the 
indifferent electrode (monopolar record ing). The EEG leads 
are named accordingly.

Physiological Basis of EEG
An EEG samples the summated activity of a very large number 
of cortical neurons close to the active electrode(s). The record 
depends on the summation of excitatory and inhibitory postsy-
naptic potentials (EPSPs and IPSPs). It is important to remem-
ber that an EEG does not originate in action potentials. The 
amplitude of EEG waves depends on how synchronous the 
activity of the neurons being sampled is. Synchronous activ-
ity gets summated to give large waves. On the other hand, 
asynchronous (or desynchronised) activity leads to simultane-
ous defl ections in opposite directions, which cancel each other 
out. Therefore desynchronised activity is associated with small 
amplitude waves. It is diffi cult to determine from the polar-
ity of EEG waves whether they represent excitatory or inhibi-
tory neuronal activity. A positive defl ection may correspond to 
excitation very close to the surface or to inhibition at a slightly 

deeper level. In spite of all these limitations and reservations, 
EEG is a useful tool as we shall see subsequently.

EEG Waveforms
Some of the common, well-categorized EEG waves have been 
described below. Although the postsynaptic potentials, which 
form the basis of EEG, are in millivolts, because of the manner 
of recording, EEG waves are in microvolts.

Alpha Waves
Alpha waves are typically recorded when a person is 
awake but inattentive. He is mentally relaxed, and not dis-
tracted by sensory stimuli. Therefore alpha rhythm is best 
recorded in a silent room with the subject’s eyes closed. 
Many yogis who perform meditation regularly are mentally 
more relaxed, and are less vulnerable to distraction by sen-
sory stimuli. They are found to spend a longer proportion 
of their waking time in the alpha rhythm, and their alpha 
waves persist in spite of some sensory stimuli. Alpha rhythm 
is also called Berger rhythm, after Hans Berger, a pioneer in 
electro encephalography.
 Alpha waves have an average amplitude of about 50 micro-
volts in adults, and a frequency of 8-13 per second. Their rela-
tively high amplitude suggests synchronized activity. Alpha 
rhythm is best recorded from the parietal and occipital region 
(Fig. 16.2.1).

Beta Waves
Beta waves are typically recorded when a person is awake 
and alert. He is mentally busy or tense. The alpha rhythm of 
an individual may be generally promptly replaced by beta 
rhythm by asking the person to open the eyes or by exposing 
the person to a sensory stimulus such as a clap, a bang, or a 
touch (Fig. 16.2.1).
 An EEG rhythm, quite indistinguishable from beta rhythm, 
is also recorded when a person is in dream sleep.
 Beta waves have an average amplitude of 20 microvolts, 
and a frequency of 13-30 per second. The brain is presumably 
highly active when beta waves are recorded, but the amplitude 
of the waves is low due to the activity being desynchronised. 
Beta rhythm is best recorded from the frontal and parietal 
regions.
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Theta Waves
Theta waves may be recorded when a person is in light sleep, 
during emotional stress in adults, and sometimes quite nor-
mally in awake children.
 Theta waves have an average amplitude of 100 microvolts 
in adults and a frequency of 4-7 per second.

Delta waves
Delta waves are typically recorded when a person is in deep 
sleep (Stage 4 slow wave sleep).
 Delta waves have an average amplitude of 100 microvolts 
and a frequency of 0.5-4 per second. Delta waves may be seen 
in an experimental animal after a subcortical transection which 
severes the thalamocortical fi bre tracts. Thus delta rhythm 
seems to represent a highly synchronous inherent activity of 
cortical neurons when deprived of thalamic inputs.

Physiological Variation with Age
Upto 2 years of age, awake EEG waves are also in the delta 
range. The frequency of the waves becomes still lower during 
sleep. From 2 to 6 years of age, awake EEG activity is in the 
theta range. Alpha rhythm appears at about 6 years of age and 
is characteristic of the awake inattentive state for the rest of the 
person’s life.

Analysis of EEG
EEG is often recorded for research or investigation of patients 
continuously for hours, and sometimes overnight. Such 
recordings done on several subjects, generate kilometres 
of EEG records. Analyzing these records in terms of volt-
age and frequency was once a very laborious and time-con-
suming task. These days the task has been highly simplifi ed 
by computerized equipment which performs, what is called 
power spectral analysis. The basic steps in this analysis are as 
follows:
a. The computer performs a Fourier analysis on 4-second seg-

ments of the EEG.
b. The bar spectrum so obtained is made smooth.
c. The smooth graphs from 4-second segments are packed 

sequentially one down upon another.
 As a result of these operations, the predominant frequency 
in the EEG appears as a series of tall peaks. The frequency cor-
responding to the tallest peaks gives the EEG rhythm during 
the recording (Fig. 16.2.2).

Fig. 16.2.1: An electroencephalographic tracing showing that alpha rhythm is replaced by beta rhythm upon opening the eyes. Right parieto-
occipital lead. (Based on a human EEG record. Courtesy: Department of Physiology. All India Institute of Medical Sciences, New Delhi).

Fig. 16.2.2: Power spectral analysis of EEG. The tall peak at about 
10 Hz indicates that the predominant frequency of EEG waves is 10 
Hz. Hence the predominant EEG rhythm in these records is alpha 
rhythm. Note that the alpha rhythm disappears when the eyes are 
opened (EO) and is resumed when the eyes are closed (EC). C4-P4 
and P4-02 indicate electrode placements. C, central; P, parietal; O, 
occipital. (Based on a human EEG record. Courtesy: Dr KK Deepak, 
Deptt of Physiology, AIIMS, New Delhi).

SLEEP-WAKEFULNESS

Although poets have considered sleep a close cousin of death, 
the similarity is only superfi cial. Sleep is only an altered state 
of consciousness during which some of the body functions are 
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Dead, or Not Yet?

It has been said that nothing is certain except death and 
taxes. Doctors have traditionally declared a person dead 
when his heart beat and respiration have stopped. But 
recent advances in technology have made it uncertain 
whether the traditional criteria are essential for certifying 
death. A person’s respiration and circulation may be main-
tained artifi cially for long periods of time even after the 
person is dead for all practical purposes. Is the time, effort 
and expense involved in keeping such a person ‘alive’ jus-
tifi ed? Can such a person’s organs be removed for trans-
plantation? An answer to these diffi cult ethical and legal 
questions has been provided by EEG. EEG silence, or brain 
death, is now an accepted criterion of death. However, in 
order to prevent misuse of this criterion, strict guidelines 
have been suggested for diagnosing cerebral death. Broadly, 
these guidelines require that all necessary diagnostic and 
therapeutic procedures should have been performed on the 
patient. Further, the patient should have been in coma and 
apnoea for at least 6 h, following which EEG silence should 
have been present continuously for at least 30 min. EEG 
silence is defi ned as absence of electrical potentials over 2 
microvolts from symmetrically placed electrode pairs over 
10 cm apart and with an interelectrode resistance between 
100 and 10000 ohms.

Fig. 16.2.3: Human EEG during the awake state and in different stages of sleep. The electro-oculogram (EOG) has also been given under 
the REM sleep EEG because the presence of rapid eye movements distinguishes this state from the Stage 1 non-REM sleep.

depressed and some others activated. A person in sleep appears 
unconscious but can be easily aroused by a variety of stimuli. 
In contrast, a person in coma cannot be aroused even by pain-
ful stimuli.

Architecture of Sleep
During the 7-8 hours that we sleep, we go through a number 
of phases which repeat themselves in a predictable fashion. 
The architecture of sleep became clear for the fi rst time when 
William Dement and Nathaniel Kleitman recorded whole-night 
electro encephalograms. As a person starts falling asleep, his 
alpha rhythm is gradually replaced by slower EEG waves of 
higher amplitude till he has a well-defi ned delta rhythm. The 
gradual transition has been arbitrarily divided into four phases: 
stage 1, 2, 3 and 4 (Fig. 16.2.3). Stage 4 is the phase of typical 
delta rhythm. Since the frequency of EEG waves during stage 
3 and 4 is low, this phase is known as slow wave sleep (SWS). 
During stage 1 and 2, the person is in light sleep; stages 3 and 4 
are stages of deep sleep. After a person has been in deep SWS 
for about an hour, the sequence is repeated in reverse order, i.e. 
the person passes from stage 4 to 3, 2 and 1. Then something 
remarkable happens: the person continues to be asleep but the 
EEG suddenly assumes a low amplitude high frequency wave-
form, quite indistinguishable from the beta rhythm of awake 
state. Since the person is asleep but the EEG resembles that of 
the awake state, this stage of sleep is also known as paradoxi-
cal sleep. Paradoxical sleep is associated with dreams and rapid 
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eye movements (REM), and is often called REM sleep. After 
that, SWS and REM sleep alternate with each other throughout 
the night, the duration of SWS phases becoming gradually less 
and that of REM phases becoming longer. Also, the period of 
SWS is spent more in stages 1 and 2 than in stages 3 and 4 as 
the night progress. The alternation of SWS and REM sleep is 
repeated 5-7 times every night.

Physiological Variation with Age
The duration and architecture of sleep show marked variation 
with age. The total duration of sleep declines steeply during 
childhood and youth till it reaches a plateau at the age of about 
30. A further decline may take place in old age. However, 
there is marked individual variation in the ‘normal’ duration 
of sleep, and it possibly refl ects a variation in requirement. 
SWS shows a change in character with age. The duration of 
stage 4 SWS declines steeply during childhood and youth, and 
somewhat slowly after the age of about 30. Stage 4 SWS may 
disappear completely after the age of 60 years. REM sleep 
declines sharply till puberty, and then rather slowly. It levels 
off in middle age, and shows a further sharp decline after the 
age of 60. In short, a person about 60 years of age spends most 
of the sleeping time in stage 1 and 2 SWS. Along with this, 
there is also a return to the childhood biphasic pattern of sleep, 
i.e. sleeping twice a day: a longer sleep during the night, and a 
shorter sleep during the afternoon. Barbiturates suppress stage 
3 and 4 SWS and also REM sleep. Hence they give rise to a 
sleep pattern similar to that of old age even in a young person.

Slow Wave Sleep
As a person falls asleep, the EEG shows progressive changes. 
During stage 1 SWS, the EEG shows low voltage and high 
frequency thus resembling the awake and alert EEG as well 
as the REM sleep EEG. The characteristic features of stage 3 
are recurrent bursts of a waxing and waning pattern of waves 
lasting 1-2 seconds. These bursts are known as ‘sleep spindles’ 
and resemble alpha waves. Stage 3 SWS shows high voltage 
low frequency EEG waves. In stage 4 SWS, the voltage of the 
EEG waves becomes still higher and the frequency still lower. 
Stages 3 and 4 of SWS are also referred to as ‘delta sleep’ 
because the EEG waves fall in the range of delta waves.
 Besides the EEG correlates, there are other physiolo gical 
changes also during SWS. Most of these changes are suggestive 
of increased parasympathetic activity. The respiratory rate and 
heart rate fall and the vasomotor tone is reduced. Consequently 
the blood pressure falls. The basal metabolic rate is reduced. 
Gastrointestinal motility is somewhat increased, and the pupil 
is markedly constricted. Skeletal muscle tone is low. Without 
generally being aware of it, there is a change of posture every 
20 minutes.

REM Sleep
The REM phase is a very interesting phase of sleep for rea-
sons more than one. It is the phase during which we dream. 
Everyone has REM sleep, and hence everyone dreams, every 
night, although so many claim that they get a very sound 
‘dreamless’ sleep. The EEG during REM sleep resembles that 
of the awake and alert stage, indicating that the cerebral cortex 

is very active, and the metabolic rate of the brain is actually 
increased by 20 percent, but the person is apparently deep 
asleep. That is why REM sleep is also called paradoxical sleep.
 Some internal stimulus often results in spontaneous awak-
ening from REM sleep sometime in the morning. It is only the 
dream during this REM phase from which we get up that we 
remember. All the other dreams of the night are forgotten by 
the morning. However, if a person is woken up by external 
stimuli during any REM phase at any time of the night, he gen-
erally recounts a dream with which he was ‘busy’. That is what 
tells us that we all dream during each of the 5 to 7 phases of 
REM sleep that we go through each night.
 The physiological correlates of REM sleep include irregu-
lar heart rate and respiratory rate, cessation of gastrointestinal 
movements and decreased ability to regulate body temperature. 
That is one reason why extremes of cold and hot weather are 
more uncomfortable at night than during the day. Males get 
penile erection during REM sleep. The eyeballs show rapid 
roving movements, as indicated by the electro-oculogram 
(EOG). EOG is nothing but the electromyogram of the extra-
ocular muscles. Although the EOG does not tell us which way 
the eyes move during REM sleep, it is tempting to assume 
that the eyes try to follow the moving images being seen in 
the dream – an assumption that has been tested in some recent 
studies. The eye movements during REM sleep have now been 
studied using the scleral search-coil technique, which tells the 
exact position of the eye in the orbit even when the eyelids are 
closed. These studies have shown that the eyes do not scan the 
images being seen in the dream. Eye movements during REM 
sleep follow a characteristic pattern irrespective of the dream 
content. The pattern is one of tonic convergence and downward 
movement, interrupted by high-frequency bursts of complex 
rapid eye movements.The skeletal muscles are completely fl ac-
cid during REM sleep, the muscle tone being almost absent.
 The duration of REM sleep varies with age. Its total dura-
tion forms 20-25% of the total sleeping time in young adults, 
50% in full term newborn children, 60-65% in children born 
2-4 wk prematurely, and 80% in children born 10 wk prema-
turely. From this data, one might speculate that in the uterus, 
most of the sleeping time of the fetus is occupied by REM 
sleep. Further, since a newborn spends about two-thirds of 
the day sleeping, chances are that the fetus sleeps most of the 
time. Thus the fetus is likely to be in REM sleep almost all 
24-hours of the day. On the basis of these facts, one may draw 
two conclusions. First, REM sleep has some very important 
functions, and second, the importance of the functions of REM 
sleep declines with age. The close correspondence between the 
time course of myelination of nerve fi bres in the central nerv-
ous system and that of REM sleep suggests that just as myeli-
nation is a structural indicator of development of the nervous 
system, REM sleep is a functional indicator. The role of REM 
sleep in maturation of neural function has been compared to 
that of physical exercise in the development of skeletal mus-
cles. Some idea of the function of REM sleep may be had from 
an interesting series of experiments performed on locus ceru-
leus, a collection of neurons in the pontine reticular formation. 
If the medial portion of locus ceruleus is destroyed, REM sleep 
remains intact but there is no inhibition of skeletal muscle 
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tone during the REM sleep. In such a condition we fi nd that 
the animal performs species-specifi c movements. It seems the 
animal is acting out its dream. It has been postulated that the 
genetic code for some basic movements is decoded, or trans-
lated into actual movements, during REM sleep. REM sleep 
serves as a bedroom rehearsal for the movements so that there 
is no clumsiness when the movements are performed in the 
open.1 That is why instinctive movements apparently do not 
have to be learnt. A newborn does not have to be taught how 
to suckle. It has probably already learnt it in REM sleep in the 
uterus.
 In the above discussion, not much has been said about 
the function dreams might serve. Dreaming is an integral part 
of REM sleep, and is likely to have an important purpose. 
Analysis of dream content has shown that negative emotions 
such as aggression, hostility, apprehen sion and fear are much 
more common than positive ones such as happiness, generos-
ity or friendliness. This is perhaps because many embarass-
ing or prohibited actions can be enacted, and subconscious or 
repressed desires can be fulfi lled quite safely and conveniently 
in dreams without leading to any undesirable consequences. 
Our fi ner feelings can be given expression in the awake state 
and hence do not have to take recourse to dreams. The oppor-
tunity which REM sleep provides to give vent to hostility and 
anger may be an important contribution to our mental equilib-
rium. That is what Shakespeare meant when he put in Hamlet’s 
mouth the words: Sleep, not a suspension of life, but a chance 
to dream.
 That REM sleep does have a function is shown by experi-
ments in which an animal or person is selectively deprived of 
REM sleep. Following a few nights of selec tive REM depriva-
tion, there is a rebound phase when the defi cit is made up by 
spending relatively more time on REM sleep. Selective depri-
vation of REM sleep may be performed in animals by making 
the animal sleep on a very small platform. The platform is 
placed in a tub of water. The platform is just enough for the 
animal to sit curled up. The animal can fall into SWS on the 
platform. But as soon as it goes into REM sleep, muscle tone is 
lost and the animal falls in water. It climbs up on the platform 
and sleeps till the SWS lasts. During the REM phase it is again 
woken up by the splash, and so it continues. Selective REM 
sleep deprivation may be produced in human volunteers by 
waking them up every time they go into REM sleep as shown 
by the EEG. For this purpose the EEG has to be recorded con-
tinuously and the research worker has to be awake all night to 
observe the EEG and to wake up the volunteer.
 An interesting situation in which men experience selective 
REM sleep deprivation develops after surgical operations on 
the penis, such as circumcision. For the few days that the surgi-
cal wound is painful, REM sleep is selectively disturbed. Every 
time the patient goes into REM sleep, his penis gets erect. 
Erection produces pain in the wound and the patient wakes up.
 It is said that the famous surrealist painter Salvador Dali 
often slept on a sofa with a spoon in his hand and a tin plate 
by the side of the sofa on the ground. When his muscle tone 
relaxed, the spoon fell on the plate, and the resulting sound 

woke him up. Then he immediately sketched what he had 
dreamt. Thus, his creativity was at its peak during dreams, and 
he ensured, by interrupting his REM sleep, that he would not 
lose a good idea for painting.

Neural Structures Involved in Sleep-Wakefulness
Our current understanding of neural structures predo minantly 
involved in sleep-wakefulness is based on experimental studies 
performed during the last 60 years. But there is still a lot more 
to be learnt about the subject.
 Bremer’s experiments performed in the 1930s consisted of 
brain sections performed at two levels. If the brain was sec-
tioned between the superior and inferior colliculi (cerveau isole 
preparation), the animal’s EEG waveform became permanently 
synchronized, i.e. high in amplitude, low in frequency. With 
this EEG, the animal may be considered asleep. If the brain 
was sectioned between the medulla and spinal cord, i.e. in such 
a way as to separate the brain from the spinal cord (encephale 
isole preparation), the animal stayed awake and retained the 
sleep-wakefulness cycle. However, if in the encephale isole 
preparation, the cranial sensory nerves were cut, the animal 
went to sleep. From these observations, Bremer concluded that 
so long as some sensory stimuli continued to reach the higher 
levels of the brain, the animal remained awake. When the sen-
sory inputs were withdrawn, the animal fell asleep.
 Bremer’s experiments were further extended by Moruzzi 
and Magoun in 1949. They found that if only specifi c ascend-
ing sensory tracts were severed by producing lateral tegmental 
lesions, the animal remained awake. However, if the nonspe-
cifi c sensory pathways were interrupted by producing lesions in 
the reticular formation, the animal went to sleep. On the basis 
of these experiments, Moruzzi and Magoun postulated that 
the awake state is due to various sensory inputs sending col-
laterals from specifi c pathways to the reticular formation. The 
reticular formation projects to nonspecifi c nuclei of the thala-
mus which, in turn, project in a diffuse manner to the cerebral 
cortex. Activation of these diffuse projections keeps the cortex 
in a state of arousal. Conversely, withdrawal of sensory stim-
uli makes these pathways silent, thereby sending the animal 
to sleep. Thus sleep was considered to be a passive phenom-
enon which depended on the absence of stimuli which keep us 
awake. This theory of sleep remained popular for long because 
of its simplicity, and because it is supported by common sense 
and some everyday observations. Minimizing sensory stimuli 
by lying down (withdrawal of proprioceptive impulses) on a 
soft bed (withdrawal of impulses from pressure receptors) in a 
dark, warm and silent room (withdrawal of inputs from visual, 
tempera ture and auditory receptors) is conducive to sleep. But 
there are some common observations which do not support the 
passive theory of sleep. A worried person may not be able to 
sleep even under the most comfortable conditions, whereas a 
tired carefree person may fall asleep on a railway platform.
 Some experiments by Moruzzi and his other associates per-
formed in the late 1950s did not support the above theory. For 
example, if they delivered barbiturates (a group of drugs which 
depress neuronal function) selectively to the rostral pons and 

1 Compare this with the bathroom rehearsal of aspiring singers.
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cerebral cortex, the animal fell asleep. But if the barbiturates 
were delivered selectively to the caudal brainstem, the animal 
woke up even if it was already asleep. These experiments 
suggested that there is an area in the caudal brainstem which 
actively induces sleep. Seeing the contraindications between 
his later experiments and previous theory, Moruzzi revised his 
theory in the true scientifi c spirit.
 Further work has localized the areas inducing sleep to the 
raphe nuclei, the nucleus of solitary tract, the suprachiasmatic 
nucleus and preoptic area of hypothala mus, and some nonspe-
cifi c nuclei of the thalamus. There may be more such areas. 
The functional signifi cance of induction of sleep by each of 
these areas is not clear but what it means is that sleep is at least 
partly an active process which is induced when something 
happens rather than being passively induced when nothing is 
happening. The nucleus of solitary tract, which is one of the 
areas which actively induces sleep, receives taste and other 
afferents from the oral region. The drowsiness that we often 
experience after a meal may be related to the stimulation of 
this nucleus. Sleep is also experienced after sexual intercourse. 
The induction of sleep by feeding and sex, which satisfy the 
two basic urges for preservation of self and preservation of the 
species respectively, may have some evolutionary signifi cance. 
An animal has to perform muscular activity mainly to achieve 
three goals: food, a mate, and to escape from predators. Once 
food has been found and eaten, or the mate has been found and 
sex had, the animal can have some well-earned sleep in order 
to conserve energy for the next bout of exercise. Similarly, 
after an animal has successfully escaped from a predator, it is 
likely to be tired and mentally relaxed. Then it can afford to 
retire into a quiet, dark corner and experience the sleep induced 
by a combination of fatigue and withdrawal of sensory stimuli. 
Thus both active and passive sleep make sound teleological 
sense!
 Stimulation of some afferent fi bres in the vagus nerve also 
induces sleep. Many vagal afferents (e.g. those conveying gas-
tric distension) are stimulated by feeding. Thus this observa-
tion may also be linked to sleep being induced by feeding.
 Stimulation of some cutaneous nerves at low frequency 
(3-8 per second) also induces sleep. This may be related to the 
induction of sleep in a baby when it is patted or rocked at that 
frequency.

Circadian Nature of the Sleep-Wakefulness Cycle
The sleep-wakefulness cycle follows a 24-hour, or circadian 
(circa, about; diem, day) rhythm, and is related to the light-
dark cycle. If the external cues in the form of light and dark-
ness are removed, the sleep-wakefulness cycle still remains 
circadian although it has a tendency to lengthen to 25-30 hours. 
The biological clock for the sleep-wakefulness cycle is located 
in the suprachiasmatic nucleus (SCN) of the hypothalamus. 
SCN seems to have an in-built circuitry which results in circa-
dian oscillations in neuronal activity. SCN also receives affer-
ent fi bres from the retina via the retinohypothalamic pathway. 
Thus it seems SCN itself is capable of introducing a circadian 
rhythmicity in sleep-wakefulness with a cycle length slightly 
longer than 24 hours. This endogenous rhythm is further 

entrained to the light-dark cycle by retino-hypothalamic fi bres 
to become an exact 24-hour rhythm.

Neurotransmitters Involved in Sleep-Wakefulness
Considerable research over the last few decades has gone into 
the study of neurotransmitters employed by neurons belonging 
to the structures involved in sleep-wakefulness. Raphe nuclei, 
involved in induction of SWS, and the preoptic area, involved 
in induction of REM sleep, employ serotonin as the neurotrans-
mitter. Some neurons in the pontine reticular formation which 
fi re rapidly in a phasic manner during REM sleep employ ace-
tylcholine as the neurotransmitter. Locus ceruleus, a region 
in the pontine reticular formation, the neurons of which show 
reduced activity during REM sleep, employs noradre naline as 
the neurotransmitter. Cholinergic neurons of the pontine retic-
ular formation and adrenergic neurons of locus ceruleus thus 
show reciprocal activity. There is also evidence for a non-locus 
ceruleus noradrenergic ascending fi bre system which plays a 
hypnogenic role at the level of the preoptic area.

Sleep Producing Substances
The search for chemical agents which might be responsi ble 
for induction of sleep has been most fruitful in experiments 
on sleep-deprived animals. Sleep-depri vation presumably 
leads to a rise in the production of these substances through a 
negative feedback effect. The brain tissue, cerebrospinal fl uid 
(CSF), blood, and even urine of sleep-deprived animals have 
substances which, when injected into the cerebral ventricular 
system of other animals, induces sleep. The fi rst experiments 
of this type were performed by Henri Pieron in 1913 on dogs. 
He demonstrated that dogs receiving CSF from sleep-deprived 
donor dogs slept for hours, while the recipients of CSF from 
normal donors remained awake. Recent work has confi rmed 
these observations and identifi ed several candidate sleep pro-
ducing substances (SPS). The best known SPS are muramyl 
dipeptide (MDP), delta sleep-inducing peptide (DSIP), 
arginine vasotocin (AVT), and interleukin-1 (IL-1). Besides 
these, there are about 20 more putative sleep-inducing factors 
and 6 wakeful ness-inducing factors. Most of the known sleep 
producing substances induce SWS. It is interesting that MDP 
is a component of bacterial cell walls whereas IL-1 is released 
in infections. MDP possibly acts via IL-1. IL-1, in turn, has a 
number of actions which might contribute to its sleep-inducing 
effect. IL-1 potentiates GABA-induced increase in perme-
ability to chloride at synapses. Nitric oxide may be part of a 
second messenger system which mediates the effect of IL-1 on 
sleep. Finally, IL-1 induces release of growth hormone releas-
ing hormone (GHRH) which in turn releases growth hormone. 
Growth hormone itself enhances REM sleep and inhibits SWS. 
The sleep-inducing effect of IL-1 and some other cytokines 
explains why a person having an infection feels sleepy. IL-1 
also induces fever, and is therefore also called endogenous 
pyrogen. Antipyretics, such as aspirin, suppress the fever 
induced by IL-1 but do not affect the sleep-inducing effect 
of IL-1. Fever is possibly a benefi cial response to infection 
(Chapter 5.2), and so is sleep which perhaps helps recovery by 
compelling the patient to take rest. It is truly remarkable that 
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these helpful responses have been so intimately woven with the 
classical immunological responses to infection.

How do We Sleep
There is a variety of circumstances which promote sleep. Sleep 
is likely to be induced when sensory stimuli are at a minimal 
level. Sleep is sometimes induced by low frequency stimula-
tion, as by patting or rocking in a cradle or sitting in a moving 
vehicle. Sleep may also be induced by consummation of a 
basic urge such as hunger or sex. Finally, sleep is induced by 
sheer fatigue, sleep depri vation or an infection. As we know, all 
these circums tances do not have to be present simultaneously 
to induce sleep. On the other hand, there may be considerable 
diffi culty in falling asleep even when all these circums tances 
are present simultaneously if there is also marked anxiety or 
mental tension present along with.
 So far as the mechanisms by which sleep may be induced 
are concerned, we have seen that there are three main experi-
mental paradigms which provide some clue. First, one set of 
experiments involving stimulation, ablation or sectioning 
of the brain, or electrophysiology of neural structures, tell 
us something about the structures that might induce sleep or 
wakefulness. The second set of experiments are focussed on 
the neurotransmitters employed by areas of the brain involved 
in sleep-wakefulness. But the correlation between the two sets 
of experiments is not complete. In some cases, the structure is 
known but not its neurotransmitter; in some cases we have a 
transmitter in search of the structure which employs it; and in 
some cases we have more than one neurotransmitter working 
in the same area but we do not know fully how the transmitters 
interact, what determines their balance, and how a tilt in the 
balance affects sleep-wakefulness. The third experimental par-
adigm in the area of sleep-wakefulness is that involving sleep 
producing substances. The number of putative sleep inducing 
substances has multiplied so fast that we do not know which of 
them are actually employed in physiological sleep. The three 
experimental paradigms still remain to be united into an inte-
grated view of sleep-wakefulness.

 Finally, we are far from being able to correlate the cir-
cumstances which induce sleep and the mechanism of sleep. 
In other words, we should be able to say that circumstance A 
induces the formation of substance X which stimulates/inhibits 
area(s) Y of the brain which employ neurotransmitter(s) Z to 
produce sleep. It is quite likely that mechanisms employed by 
the different circum stances which induce sleep are not identi-
cal. Also, the proportion of different phases of sleep (stages 1-4 
of SWS and REM sleep) is likely to vary in the sleep induced 
in different circumstances. The above discussion shows that in 
spite of knowing so much about sleep. We have more questions 
than answers.
 We ordinarily recognize three states of consciousness; 
wakefulness, dreamless sleep and dream sleep. Accord ing the 
Mandukya Upanishad, all these three states represent differ-
ent degrees of ignorance. Transcending these three states is 
a fourth state, superconsciousness. The fourth state of con-
sciousness is a state of knowledge beyond the senses, beyond 
the understanding, and beyond all expression. It is a state of 
ineffable peace. The fourth state adds even more mystery to 
the endless questions we have about the three states which we 
‘understand’.

QUESTION AND PROBLEM
1. Why is it more diffi cult to wake up
 a. a young person than an elderly person?
 b. a person during the fi rst half of sleep than during the 

second half?

ANSWER AND SOLUTION
1. It is more diffi cult to wake up a person from stage 3 or 4 

SWS than from stage 1 or 2 SWS. An elderly person spends 
very little time in stage 3 or 4 SWS, and also most of the 
SWS during the second half of sleep is stage 1 or 2.
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16.3
Physiology of Speech, 
Learning cand Memory

Speech, learning and memory are three functions in which 
human beings fare remarkably better than even their clos-
est cousins, the apes. But none of these functions is uniquely 
human. Further, the basic mechanisms involved in these func-
tions are remarkably similar over a wide range of species. In 
fact, some fundamental studies on the cellular and molecular 
basis of learning have been done on the marine snail Aplysia.

SPEECH
Speech of the type seen in human beings is not seen in any 
other animal. Two well-known areas of speech are located on 
the left side of the brain in right-handed persons.

Broca’s Area
Broca’s area is located in the frontal cortex, anterior to the face 
area in the precentral gyrus, on the left side in right-handed 
persons. It receives information from Wernicke’s area and 
sends it to the motor cortex. Broca’s area is also called the 
motor speech area (Fig. 16.3.1).

Wernicke’s Area
Wernicke’s area is located at the posterior end of the supe-
rior temporal gyrus on the left side. It is connected to Broca’s 
area by a bundle of fi bres known as the arcuate fasciculus. 
Wernicke’s area is also called the sensory speech area.

Mechanism of Speech
Sounds that we hear are perceived by the auditory cortex. But 
if the sounds heard belong to a language we under stand, the 
meaning is understood only when the information reaches 
Wernicke’s area. It is interesting that Wernicke’s area is 
located close to the auditory area and is connected to it. Thus 
Wernicke’s area may be consi dered a special part of the audi-
tory association cortex.
 If a person has to say something, whether in response 
to what he has heard or otherwise, the words are planned in 
Wernicke’s area. The plan is passed on to Broca’s area by the 
arcuate fasciculus. The sentence is formulated in Broca’s area 
and transmitted to the motor cortex (precentral gyrus) for exe-
cution. It is interesting that Broca’s area is situated close to the 
face area of the motor cortex because the muscles involved in 
execution of speech also belong to the face area.

 The above account is based on a theory proposed by 
Wernicke more than a hundred years ago but is considered 
valid even today. However, it may be added that the function of 
speech cannot be sharply localized to a few areas. It involves 
virtually every part of the brain, although the participation of a 
few areas is more prominent. Secondly, speech, as commonly 
understood, may be restricted to human beings. But communi-
cation, as a general faculty is seen in animals too. Thus speech 
is not an add-on to the animal brain but merely an elaboration 
of a basic design worked out long before the evolution of the 
human brain. Among features which have helped the develop-
ment of human speech are not only elaboration of the brain 
but also the increase in the mobility of the larynx. Finally, the 
basic mechanisms of spoken speech, written speech and even 
sign language (used by the deaf) are the same. For example, 
comprehen sion of written matter may need strengthening of 
some connections between the visual cortex and Wernicke’s 
area. Similarly, expression of the written word may need 
strengthening of some connections between Broca’s area and 
the hand region of the motor cortex. But the basic mechanism 
remains the same.

Aphasias
Aphasias are disorders of speech resulting from lesions in 
the brain. Much of what we know about the mechanism of 
speech has been learnt from observations made on patients 
having various types of aphasia. There are three basic types of 
aphasia.

Fig. 16.3.1: Speech areas of the brain.
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Motor Aphasia
Lesions in Broca’s area lead to a type of defect called motor 
aphasia. The patient understands what he hears but cannot 
respond properly. His speech is not fl uent, and he uses very 
few words in his speech. His language tends to the telegraphic 
in that the joining words such as conjunctions and prepositions 
may be missing.

Sensory Aphasia
Lesions in Wernicke’s area lead to a type of defect called sen-
sory aphasia. The patient does not understand what he hears or 
reads. Since comprehension is lacking but motor speech area is 
intact, he speaks very fl uently but does not talk sense.

Conduction Aphasia
Lesions of the arcuate fasciculus lead to a type of defect called 
conduction aphasia. Since Wernicke’s area is intact, the patient 
understands what he hears or reads. But because of the lesion 
in the arcuate fasciculus, he cannot use this understanding 
while speaking or writing. The result is that he produces fl uent 
but faulty speech and makes plenty of mistakes in what he 
writes. Thus the patient may seem to have sensory aphasia. But 
the two can be distinguished by evaluating comprehension. In 
sensory aphasia, the patient cannot understand speech while in 
conduction aphasia, he understands spoken as well as written 
speech.

LEARNING
Learning is a sustained change in behaviour or perfor mance 
potential. The change is a result of some expe rience, which can 

Spatial Speech

It is being increasingly realized that language is at least partly 
an innate capability of the human brain. Infants create non-
sense sounds like goo-goo-ga-ga before speaking sensible 
words. In the same way, deaf infants perform systematic 
hand and fi nger movements before they start communicat-
ing in sign language. Deaf people lose the ability to sign if 
they sustain damage to their left cerebral hemisphere. Sign 
language of the deaf provides a special opportunity to under-
stand neurophysiology of speech because it is expressed 
through highly visible limb movements of the vocal cords. 
There are at least 50 sign languages, which have originated 
in different parts of the world, and are used by the deaf 
to communicate with each other. These languages have a 
fairly rich vocabulary and a grammar. Progressive schools 
for the deaf encourage their students to communicate in 
sign language, which comes naturally to them, rather than 
torture them by making them learn sound language slowly 
and poorly. Further, like the sound language, sign language 
is best learnt in the crib, in any case before the age of fi ve. 
Once that is done, even learning other ‘normal’ languages as 
second languages also becomes easier.

(Based on Wolkomir R. Silent speech. SPAN 1994 (Nov); 
35(11): 5-11).

Imaging Brain Function

It is now possible to see in an image which part of the brain 
is active during a particular task. One of the techniques used 
for the purpose is positron emission tomography (PET). In this 
technique a positron-emitting isotope is tagged to a molecule 
of biological interest such as glucose or a neurotransmitter. 
For example, the positron-emitting isotope of fl uorine (18F) 
may be tagged to deoxyglucose. 18F-deoxyglucose is injected 
intravenously. Deoxyglucose is taken up by neurons in the 
same way as glucose, but it can neither be fully metabo-
lised nor can it come out of the neurons. Since function-
ally active neurons take up more glucose, active regions of 
the brain accumulate more deoxyglucose. Hence following 
18F-deoxy-glucose injection, active regions of the brain emit 
more positrons. Positron emission is detected by appro-
priate detectors which construct a series of computerised 
images of the brain similar to those seen in computerised 
tomography (CT). But in PET scanning the functionally active 
regions of the brain can be identifi ed. For example, follow-
ing visual stimulation, 18F-deoxyglucose accumulation can 
be seen in the visual cortex. This signifi es increased glucose 
metabolism in the visual cortex. Similarly, following auditory 
stimulation, glucose metabolism is increased in the auditory 
cortex. Thus we have evidence for involvement of specifi c 
regions of the brain in specifi c functions. Further, we also 
know that although brain as a whole does not consume sig-
nifi cantally more energy when it is active than when it is idle, 
metabolic activity does increase in circumscribed regions of 
the brain when these regions are functionally active.
 PET made its debut in 1980s; two more imaging techniques 
came in the 1990s: functional magnetic resonance imaging 
(fMRI) and magnetoencepalography (MEG). Functional MRI 
is based on the principle that increased neuronal activity 
leads to a local increase in blood fl ow through the active 
part of the brain. The increase in blood fl ow is somewhat 
greater than is warranted by the increase in oxygen con-
sumption. Therefore, blood flowing through the active, 
hyperemic region of the brain has more oxygenated haemo-
globin than the blood fl owing through less active regions of 
the brain. Since the magnetic properties of oxygenated and 
deoxygenated haemoglobin are different, the magnetic reso-
nance signals from the active region of the brain increase. 
Functional MRI systems currently in common use give a 
spatial resolution of about 1 mm, but a resolution of 0.5 
mm has been achieved in experimental settings. This is an 
important breakthrough because cortical columns also have 
a width of about 0.5 mm. Magnetoencephalography (MEG) 
can complement the information obtained from the conven-
tional electroencephalography (EEG). MEG is based on the 
principle that neuronal activity in the cerebral cortex gener-
ates not only fl uctuations in electrical potential (detected 
by EEG) but also magnetic fi elds. Unlike EEG signals, MEG 
signals are not distorted by the intervening tissues. These 
technical advances have given hope for rapid progress in 
localization of functions in the human brain.
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therefore be called a learning experience. Most experiences 
have a teaching potential, but unfortunately we generally learn 
nothing from them.
 Learning is broadly of two types: non-associative and asso-
ciative. In non-associative learning, a stimulus, given once or 
repeatedly, provides an experience which leads to learning. For 
example, if a loud sound stimulus is given repeatedly, the star-
tle response to it becomes successively less. This is call habitu-
ation. On the other hand, the response to a genuinely dan-
gerous stimulus becomes successively greater with repeated 
exposure. This is called sensitization. Another example of 
non-associative learning is imitative learning. For example, an 
intern learns how to set up an intravenous drip by observing a 
nurse do it. Then he imitates what she does, and in the process 
learns the procedure. Associative learning depends on observ-
ing repeatedly the association between two phenomena. For 
example, observing repeatedly that dark clouds are followed 
by rain makes us learn that dark clouds lead to rain (a cause-
effect relationship). As a result the next time we observe dark 
clouds while leaving home, we carry an umbrella (change in 
behaviour). Experimentally, associative learning may be stud-
ied by conditioning.
 We shall now focus on a few experimental paradigms 
which throw some light on the process of learning.

Classical Conditioning
This is the type of learning studied extensively by Pavlov in 
dogs. If a dog is presented with food which it likes, its mouth 
starts watering as a result of increased secretion of saliva. Food 
is called the unconditioned stimulus (UCS) for the salivation 
refl ex. Now a bell is rung near the dog. The sound of the bell 
does not lead to salivation. But if the bell is immediately fol-
lowed by food a few hundred times, the dog learns to expect 
food after the bell. Therefore now the bell alone also leads to 
salivation. Sound of the bell is called the conditioned stimulus 
(CS) for the salivation refl ex. The refl ex response to a CS is 
called a conditioned refl ex (Fig. 16.3.2).
 The broader implication of classical conditioning is that it 
tells us how we learn about the relationship between associ-
ated events. We learn to identify events which occur together 
or in quick succession predictably and reliably. Then we try to 
look for a cause and effect relationship between the associated 
events, which leads to still more learning. For example, repeat-
edly observing that dark clouds are followed by rain leads us to 
predict rain whenever we see dark clouds. Next, we try to fi nd 
whether the two are linked by cause and effect, and if so, how.

Operant Conditioning
Although operant conditioning was discovered by Thorndike, it 
was studied extensively by Skinner. Skinner used for his exper-
iments a box which is now known as the Skinner box. Inside 
the box (Fig. 16.3.3) is a bar-shaped lever on one side, and just 
outside the box is a container full of food pellets. Pressing the 
bar releases one food pellet at a time into a food cup in the box. 
When a rat is placed in the box, it fi rst explores its surround-
ings out of curiosity. In the process, sooner or later, it hits the 

Fig. 16.3.2: Conditioned refl ex. A bone makes a dog’s mouth water 
(I). If the ringing of a bell (1) precedes the presentation of a bone (2), 
and the sequence is repeated several times (II), the dog ultimately 
responds just to the bell by watering of the mouth (III).

bar. The action turns out to be a happy accident because it leads 
to a food pellet appearing in the cup. Soon the rat learns that 
pressing the bar leads to the appearance of the pellet. The rat 
now has a means of operating on the environment in a manner 
which is rewarding. That is why Skinner called the rat’s behav-
iour operant behaviour. Pressing the bar may lead to a reward 
(reinforcement) or a punishment (e.g. an electric shock). If it 
leads to a reward, the rat presses it again and again. If it leads 
to a punishment, the rat avoids pressing the bar.
 There are some essential differences and similarities 
between classical and operant conditioning. Now that you have 
learnt something about both, try to think what these are. Then 
look for them in Table 16.3.1. To put it succinctly, both involve 
conditioning.1 Classical condi tioning conditions a refl ex, while 
operant conditioning conditions behaviour.
 The broader implication of operant conditioning is that it 
tells us how we learn to respond in a particular way on the 
basis of past experience. A behaviour which consis tently, or 
at least frequently, leads to a pleasant experience (reward), is 
repeated. On the other hand, a behaviour which leads to an 
unpleasant experience (punishment) is not repeated. For exam-
ple, married couples learn over the years which behaviour 
pleases, and which annoys, the partner. Gradually each starts 
repeating the behaviour which pleases the spouse, and starts 
avoiding actions which annoy him/her.

Gill withdrawal refl ex
Eric Kandel and his colleagues have unravelled some basic 
mechanisms of learning through studies on the marine snail, 
Aplysia californica. The advantage in using Aplysia is that it 
has a ‘simple’ nervous system consisting of only 20,000 large 

1 Conditioning means learning to respond to a condition, e.g. a bell, or a lever.
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Fig. 16.3.3: The Skinner box.

Professor Burrhus Frederic Skinner 
(1904-1990): Scientist, Scholar and Reformer

The fl y that returns repeatedly to precisely the spot where it 
felt threatened only a moment ago seems to possess a mind 
all its own. But the mind that has been studied the most, and 
yet understood the least, is the human mind. Psychology is 
a subject in which theories abound. However, one theory 
that stands out amongst them all is that based on operant 
behaviour, fi rst studied by B.F. Skinner as a doctoral student 
at Harvard from 1928-1931. His book “The Behaviour of 
Organisms” (1), based on his Ph.D. thesis, is a masterpiece, 
unique among books on psychology in sticking to conclu-
sions based on hard data only. A fancy for experimental data 
and an aversion for armchair theorizing was a lifelong pas-
sion with B.F. Skinner. In Prof. Skinner’s passing away on 18 
August 1990, the world lost a dedicated scientist, profound 
scholar and committed social reformer.
 Skinner’s work was conducted primarily with a box, now 
known after his name. The box is equipped on one side with 
a bar-shaped lever. Pressing the lever releases a food pellet 
into a cup. When a rat is fi rst placed in the box, it explores 
the box out of curiosity, and as a part of this exploration 
sooner or later lifts its forelegs from the fl oor, and puts one 
or both of them on the bar. Pressing the bar with just 10 g 
of pressure is enough to release the food pellet, which drops 
into the cup with a thud. The rat is startled, climbs down, 
and is pleasantly surprised to discover the pellet. Soon the 
rat builds up a mental association between pressing the 
bar and release of the pellet. The rat now has a means of 
operating on the environment in a manner which is reward-
ing. That is why Skinner called the rat’s behaviour operant 
behaviour. By counting the frequency of bar pressing (the 
key response), the behaviour can be quantifi ed. Small varia-
tions can be introduced in the basic model to study various 
factors infl uencing animal behaviour. The rat may discover 
in the box a food pellet (reward) or an aversive stimulus 
(punishment). Operating on the environment may result in 

a reward (positive reinforcement) or removal of an aver-
sive stimulus (negative reinforcement); or a punishment in 
the form of an aversive stimulus, or removal of a reward. 
Reinforcement may follow each key response (continuous 
reinforcement), or only some of the responses (intermittent 
reinforcement). Intermittent reinforcement may follow a 
fi xed-ratio or variable-ratio, fi xed-interval or variable-inter-
val schedule (2). By introducing these variations, Skinner and 
his followers have been able to study animal behaviour in 
such detail as to establish a school of psychology which is 
by far the most fi rmly rooted in verifi able facts. If one were 
to look for a simple experimental technique which has been 
fruitfully exploited for more than half a century, and has still 
not been milked dry, it would be diffi cult to fi nd an example 
better than the Skinner Box.
 The basic idea of Skinnerian psychology is that behaviour, 
including human behaviour, is determined by the likely con-
sequences of the behaviour. Based on our previous expe-
rience, we can predict whether a particular action is likely 
to lead to a ‘reward’ or a ‘punishment’. We tend to select 
and repeat actions which are likely to lead to a ‘reward’, 
and avoid those likely to lead to a ‘punishment’. It is easy 
to agree that a substantial part, although not the whole, of 
human behaviour can be explained in these terms. Probably 
the best example of human behaviour based on Skinnerian 
psychology is the process of marital adjustment. In the initial 
phases, each partner discovers actions which evoke pleas-
ant or unpleasant responses in the other partner. Gradually, 
both partners increase the frequency of ‘rewarding’ actions 
and decrease that of ‘punishing’ actions till a reasonable 
adjustment has been achieved. The concept of behaviour 
based on expected reward or punishment has been profi t-
ably applied to childcare, education, and care of the men-
tally ill. In fact, no area of applied psychology has escaped 
its impact. Skinner propsed that we apply it also to reform 

Contd...

16.3.indd   73516.3.indd   735 8/25/2010   11:39:59 AM8/25/2010   11:39:59 AM



SE
C

T
IO

N
 1

6
: 

N
er

vo
u
s 

Sy
st

em
—

Sl
ee

p
-W

ak
ef

u
ln

es
s 

an
d
 H

ig
h
er

 F
u
n
ct

io
n
s

736

society. He felt that present day society tries to safeguard 
morality primarily by holding out threat of punishment to 
the offenders. He advocated a society which would be based 
on reward rather than punishment.
 Skinner has been at the centre of bitter controversies 
(3) because his ideas do not fl atter the human being (2). 
Most men like to think that their actions originate in their 
free will. It is easy to fi nd examples where human beings, 
charged with idealism, indulge in actions which are sure to 
bring misery. Such actions may be visualised as the result of 
careful weighing of all the consequences. If an action brings 
apparent misery (punishment), and also results in name and 
fame or self acqualization (reward), the person may decide 
to undertake the action because he considers the reward to 
be more signifi cant than the punishment. Notwithstanding 
the complexity of human behaviour, it is diffi cult to deny 
that humans share some features with Skinner’s rats.
 How can we reconcile operant behaviourism with Gita’s 
teachings regarding renunciation of the reward? Let us fi rst 
examine what exactly the Gita says: ‘Set thy heart upon thy 
work, but never on its reward; (4). The advice does not pre-
vent us from expecting a reward; it merely suggests that we 
should concentrate on the work rather than the reward. 
The importance of the advice lies in the fact that in the real 
world, an action from which a reward may be expected does 

not always bring one, the schedule reinforcement being of 
the variable-ratio or variable-interval type. By diverting our 
mind from the reward, Gita eliminates frustration, encour-
ages perseverance, and increases the probability of receiving 
the expected reward. Further, a detached attitude to the 
(expected) reward itself brings the reward of tranquility. 
Fortunately, the reward of tranquility follows a continuous 
reinforcement schedule. Thus by regarding work as its own 
reward, we can achieve a continuous reinforcement sched-
ule even in our erratic and unpredictable world!
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Table 16.3.1: Classical conditioning vs. Operant conditioning

Classical conditioning Operant conditioning

Similarity
Organism learns to predict a sequence (e.g. bell will be followed  Organism learns to predict a sequence (e.g. pressing the bar will
by food). be followed by food).
Differences
Organism responds passively to changes in the environment  Organism actively operates on the environment
(e.g. bell). (e.g. presses the bar).
Organism cannot control or trigger the sequence Organism can trigger the sequence of events.
The response is to the conditioned stimulus. The ‘response’ is to learning from past experience.
The response (e.g. salivation) is a refl ex action. The ‘response’ is a voluntary action (i.e. behaviour is emitted).

sized central nerve cells. The animal’s respiratory organ is the 
gill, and it has a siphon, which it uses for expelling seawater 
and waste. A tactile stimulus given to the siphon leads to with-
drawal of both the siphon and the gill. Experimentally, the tac-
tile stimulus may be given by means of a jet of water. The gill 
withdrawal refl ex of Aplysia is a protective refl ex, comparable 
to the limb withdrawal refl ex of higher animals (Fig. 16.3.4). 
The refl ex has been used for studying non-associative as well 
as associative leaning.

Habituation
Habituation is decrease in a behavioral response as a result of 
repeated exposure to the same stimulus. Repeated tactile stim-
ulation of the siphon leads to habituation of the gill withdrawal 
refl ex. That is, if normally the gill contracts to one-quarter its 

size upon stimulation of the siphon, after the siphon is stimu-
lated 10 times in quick succession, the gill contracts by hardly 
10% in response to the 10th stimulus.
 Gill withdrawal refl ex shows both short-term and long-
term habituation. One session of 10 successive stimuli leads to 
habituation which lasts a few minutes. But four sessions of 10 
successive stimuli at a few hours interval lead to habituation 
which lasts up to three weeks. Short-term habituation is due to 
a decrease in the amount of neurotransmitters released by sen-
sory neurons (Fig. 16.3.5). Reduced release of the neurotrans-
mitter reduces the amplitude of the excitatory postsynaptic 
potential (EPSP) in the motor neurons. Reduction in the ampli-
tude of the EPSP reduces the frequency of action potentials 
fi red by the motor neurons, which in turn reduces the strength 
of muscle contraction in the gill. In long-term habituation, 
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besides this functional change, there is also a reduction in the 
number of synapses between sensory neurons and gill motor 
neurons.

Sensitization
Sensitization is increase in a behavioral response as a result 
of exposure to a noxious stimulus. In Aplysia, appli cation 
of an electric shock to the tail sensitizes the gill with  drawal 
refl ex. Sensitization is a relatively non-speci fi c phenomenon 
as compared to habituation. For exam ple, in case of Aplysia, 
the noxious stimulus to the tail sen si tizes the animal also to a 
tactile stimulus applied to the siphon. In higher animals too, a 
startling sound sensiti zes the animal also to less loud sounds. 
Like habituation, sensitization is also both short-term and long-
term, depen d ing on the degree of exposure to the sensitizing 
stimulus.

 In Aplysia, sensitization has been shown to be due to the 
activity of serotonergic interneurons which act pre synap  tically 
on the sensory neurons (Fig. 16.3.6). Serotonin acts on the sen-
sory neurons via G-protein coupled receptors to increase the 
quantity of cAMP in the sensory neuron. Over the short-term, 
cAMP activates pro tein kinases, which in turn reduce the K+ 
current by inducing a conformational change in the K+ chan-
nel. Reduced potassium current prolongs the action potential, 
thereby allowing greater voltage-gated Ca++ infl ux. Incre ase in 
Ca++ infl ux increases the amount of neuro trans mitter released 
by the sensory neuron. Over the long-term, cAMP affects gene-
expression in the sensory neuron via the cAMP-responsive ele-
ment binding (CREB) pro tein. As a resut of alteration in the 
gene expression, the num ber of synaptic connections between 
sensory and motor neurons increases. More connections is a 
more dura ble mecha nism for releasing more neurotransmit-
ter rele ase than that employed in short-term sensitization 
(Fig. 16.3.7).

Classical Conditioning
The tactile stimulus to the siphon may be used as a conditioned 
stimulus, and the noxious stimulus to the tail may be used as 
the unconditioned stimulus. Suppose the siphon is stimulated 
just before the tail is stimulated, and the pairing is repeated 
a few times. Then simply the stimulation of the siphon gives 
a gill withdrawal response comparable in intensity to that 
obtained by application of a noxious stimulus to the tail. This 
phenomenon may look like sensitization. But the enhancement 
of response obtained by classical conditioning is greater and 
longer-lasting than that obtained by sensitization.

Biological Basis of Learning
There is ample evidence that learning is associated with 
considerable structural and functional changes in the 
brain. The changes involve formation of new synapses, 

Fig. 16.3.4: A. A dorsal view of Aplysia. B. Diagrammatic 
representation of the neuronal circuitry involved in the gill withdrawal 
refl ex. 1, sensory neuron; 2 and 3, interneurons; 4, motor neuron.

Fig. 16.3.5: Habituation of gill withdrawal refl ex in Aplysia, and its 
mecha nism.
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and changes in the effectiveness of synapses. Change
in effectiveness of synapses means facilitation or inhibition of 
the synapses, which in turn may be due to modulation of neu-
rotransmitters or ion channels at the synapses. While forma-
tion of new synapses may be restricted to an early period in the 
development of the brain, modu lation of synaptic transmission 
goes on throughout life.

MEMORY
Learning and memory are closely related. All learning involves 
remembering some past experience, but not all memory leads 
to learning. For example, remembering a sloka without under-
standing its meaning cannot be considered learning in the true 
sense.
 Memory is of two types: short-term and long-term. 
Short-term memory and long-term memory are not a single 
graded process. Short-term memory is generally confi ned to 
less than 12 items and lasts only a few minu tes. For example, 
a telephone number may be found from the directory, used for 
making a call, and promptly forgot ten. A special process seems 
to be necessary for transfer ring material from short-term to 
long-term memory.

Neural Substrate of Memory
Several areas of the brain contribute to memory. There is some-
thing to be said for Lashley’s hypothesis that memory is not 
a location specifi c process. He found that memory loss was 

Fig. 16.3.6: The mechanism of sensitization. A noxious stimulus 
to the tail not only gives the gill withdrawal refl ex, it also produces 
sensitization to a harmless stimulus to the siphon. 1, sensory neuron; 
2, interneuron; A and B, sites of presynaptic facilitation. Fig. 16.3.7: Difference between the synaptic mechanisms of short-

term and long-term memory.

proportional to the amount of cerebral cortex ablated rather 
than the area from which it was ablated. On the basis of experi-
ments performed in the course of neurosurgery, Penfi eld local-
ized memory primarily to the hippocampus and the temporal 
cortex. Several other experiments have also indicated a special 
place for the hippocampus and its to and fro connections with 
the cerebral cortex in the process of memory.

Cellular and Molecular Basis of Memory
The fundamental difference between short-term and long-term 
memory is that short-term memory involves merely modula-
tion of synaptic transmission by modi fi cation of pre-existing 
proteins (e.g. ion channel proteins). On the other hand, long-
term memory involves formation of new synaptic connections 
and synthesis of new proteins. The link between short-term 
and long-term memory, at least in some cases, is cyclic AMP. 
cAMP can induce only modifi cation of existing proteins in a 
short time. But if elevation of cAMP is persistent, it can phos-
phorylate transcriptional regulator proteins, and thereby infl u-
ence synthesis of new proteins (Fig. 16.3.7)

Long-term Potentiation
Long-term potentiation (LTP) is a phenomenon observed in 
the hippocampus which may provide the electro physiological 
basis for at least certain types of memory.
What is LTP? There are three major excitatory pathways 
from the subiculum to CA1 region of hippocampus. High 

16.3.indd   73816.3.indd   738 8/25/2010   11:40:00 AM8/25/2010   11:40:00 AM



C
H

A
PT

ER
 1

6
.3

: Ph
ysio

lo
g
y o

f Sp
eech

, Learn
in

g
 can

d
 M

em
o
ry

739

frequency stimulation of any of the three pathways leads to an 
increase in the magnitude of EPSP in hippo campal neurons. 
The change in EPSP may last for days or weeks, and is called 
LTP.
Mechanism of LTP High frequency stimulation of nerve 
fi bres projecting to the hippocampus would lead to release of 
excess transmitter. The neurotransmitter released is glutamate. 
Glutamate acts on hippocampal neurons via two type of recep-
tors: non-NMDA and NMDA (n-methyl D-asparate) receptors. 
Normally trans mission takes place via only the non-NMDA 
receptors because NMDA receptors are blocked. NMDA 
receptors are normally blocked because they are doubly gated: 
chemi cally and voltage gated. Only glutamate (a chemi cal) is 
not enough to occupy these receptors and initiate a biologi-
cal effect. In addition, some depolari zation (change of volt-
age) is also necessary. If excess glutamate is released by high 
frequency stimulation, non-NMDA receptors achieve enough 
membrane dopalarization to remove the block from NMDA 
receptors. Removal of the block leads to calcium ion infl ux 
into the postsynaptic neurons. Calcium infl ux leads to persist-
ent activation of (a) calcium/calmodulin kinase, and (b) protein 
kinase C. Activation of these enzymes phosphorylates some ion 
channel proteins which, in turn, leads to an increase in EPSP. 
This may be the mechanism for induction of LTP. Maintenance 
of LTP involves another mechanism, which is also depend-
ent on accumulation of calcium ions in postsynaptic neurons. 
Accumulation of calcium in the postsynaptic neurons leads to 
release of retrograde plasticity factor from dendritic spines of 
the postsynaptic cell. This factor diffuses into the presynap-
tic terminal and induces a long-term increase in the release of 
neuro transmitter (glutamate). The essentials of the mechanism 
underlying LTP have been summarized in Figure (Fig. 16.3.8).

CONCLUSION
Learning and memory are interesting but ill-understood sub-
jects. Psychologists study them only at the surface level; neu-
robiologists have so far only managed to scratch the surface. 
Computer scientists have now started providing some insights 
into these mechanisms by copying some of the simpler accom-
plishments of the human brain. But the depths of these fasci-
nating processes have yet to be explored.

QUESTION AND PROBLEM
1. What are implicit and explicit types of memory?

ANSWER AND SOLUTION
1. Implicit (or non-declarative) memory is about ‘how to’, 

i.e. perceptual and motor skills, e.g. cycling, swimming, or 
solving a puzzle. Explicit (or declarative) memory is about 
‘what/where/when/why’, i.e. facts and events. Explicit 
memory can be expressed, or declared, as a statement, such 
as ‘India achieved independence on 15 August 1947’. The 
distinction is important because in patients having bilateral 
lesions of the temporal lobe, only explicit memory is lost. 
Implicit memory largely depends on subcortical structures. 

Fig. 16.3.8: The key steps in long-term potentiation (LTP). Stimu la tion 
of glutamate leads to depolarization (EPSP) via non-NMDA recep tors 
(1). Depolarization removes the block from NMDA recep tors so that 
now glutamate can act via NMDA receptors also. Activa tion of NMDA 
receptors leads to accumulation of calcium ions in the post-synaptic 
neurons (2). Calcium leads to the release of retro grade plasticity 
factor, which acts on the presynaptic neuron to bring about a long-
term increase in the release of glutamate (3). Increa sed release of 
glutamate leads to a higher EPSP, which is called LTP.

Bilaterally Asymmetrical

Although both sides of the brain look the same, they differ 
from each other in subtle functional details. A technique 
which has contributed to our knowledge about cerebral 
asymmetry is the sectioning of the corpus callosum. The 
technique was perfected by Roger Sperry and is popularly 
known as the split brain preparation. Another valuable 
source of information on the subject have been patients 
with congenital absence of the corpus callosum. The locali-
zation of speech areas on the left side has been known for 
more than hundred years. The recent demonstration of 
the association of negative emotions with right prefrontal 
activity and of positive emotions with left prefrontal activity 
has already been referred to (Chapter 15.4). Further, it has 
been found that the right cerebral hemisphere specializes in 
visuospatial tasks, such as reading faces, and abstract skills 
such as poetry, art and music. The left cerebral hemisphere, 
on the other hand, is dedicated to language, analytic logic, 
and mathematics. Functional asymmetry in a structurally 
symmetrical structure is an ingenious way of economising 
on neural tissue. It effectively doubles the capabilities of the 
brain for a given neuronal mass.

Depending on the nature of the skill, it may reside in the 
cerebellum, basal ganglia, or only in some simple refl ex 
pathways. Memory about the emotional signifi cance of 
a stimulus is also implicit memory, and is stored in the 
amygdala.
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17.1
Getting Introduced

to Yoga

Most courses on physiology do not include yoga. But yoga is 
by no means out of place in a course on physiology. Physiology 
deals with the function of normal organisms, which in the med-
ical context means normal human function. A normal human 
being may be at rest or taking exercise, may be at sea level 
or at high altitude, and may be exposed to low or high ambi-
ent temperatures. In the process of coping up with these chal-
lenges body functions undergo adaptive changes. But since the 
human being, in spite of the adaptive changes, is still a normal 
human being, the alterations in function are within the scope 
of physiology. Similarly, yoga is a road travelled by normal 
human beings. Travelling on the path of yoga alters some body 
functions. In spite of alterations in function brought about by 
yoga, a person stays normal, or perhaps becomes even more 
normal than before. Therefore, yoga, and the way it affects the 
body, are within the realm of physiology.
 The above justifi cation, although logical, appears too tech-
nical, and may still invite the question as to why yoga should be 
thrust on the medical students already reeling under an infor-
mation overload. While that is true, the relevance of yoga in 
health and disease is so universal and of such a general nature 
that it has become a necessity for doctors who will be practising 
in the twenty fi rst century. A wide variety of common diseases 
such as coronary heart disease, hypertension and diabetes mel-
litus are now being attributed to a faulty lifestyle. Yoga is prob-
ably the best lifestyle ever devised in the history of mankind. 
It is a simple, loving, giving, non-judgemental way, and view, 
of life upon which people across cultures and across countries 
have stumbled from time to time for centuries. This piece of 
universal wisdom, which has been discovered and rediscov-
ered several times in history as the ultimate prescription for 
health, peace and joy has been organized into a systematic 
process in yoga. After the favourable effects of a yogic life-
style on coronary heart disease demonstrated by Dean Ornish 
and his colleagues, yoga is fi nding increasing acceptance as a 

non-pharmaco logical intervention for the prevention and treat-
ment of several diseases. Therefore, future doctors should be 
well informed about what yoga is and what it does to a human 
being. Even if the doctor chooses to ignore yoga, his patients 
will frequently ask him whether yoga would help them. The 
doctor should be well informed about the fundamentals of yoga 
at least to provide a sensible answer to such questions. Finally, 
familiarity with yoga might inspire the doctor to adopt it in his 
own life. A doctor with a yogic attitude is likely to transmit to 
the patient a positive attitude and a calm disposition. A positive 
attitude and a peaceful mind are conducive to healing and hap-
piness, irrespective of the nature of the illness.

WHAT IS YOGA
The word ‘yoga’ conjures up two rather contrasting images in 
the popular mind: fi rst, that of a set of postures (asanas) which 
are good for health, and second, that of a practice involv-
ing total renunciation of worldly life, and therefore, meant 
for only a select few. Both these images represent only small 
and not altogether indispensable parts of yoga, and are there-
fore misleading. Asanas are merely techniques which, if per-
formed with the right attitude, can facilitate the pursuit of 
yoga. An inner renunciation of desires is an important part 
of the yogic attitude, but outer renunciation of worldy life is 
not essential for the pursuit of yoga. Therefore, yoga can be 
practised by everyone in everyday life: it is not easy, but it is 
possible.
 Having seen what yoga is not, let us see what it is. In 
simple words, yoga is a journey towards self-perfection.1 
Improvement is the fi rst step towards perfection. Thus yoga 
is a course in self-improvement. Since there is always room 
for improvement, and perfection is an elusive goal, the journey 
towards perfection never ends. Putting it differently, man is 
basically imperfect. To paraphrase Mark Twain, imperfection 

1 A traveller on the yogic path is called a sadhak (seeker). The process adopted by the sadhak is called sadhana. The end of the journey is called siddhi 
(perfection). Siddhi requires a combination of sadhana and Divine Grace. Very few sadhaks achieve siddhi, but there is enough peace and joy on the way.

Yoga is a methodised effort towards self-perfection.
—Sri Aurobindo
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is human, perfection divine. If a rare traveller on the path of 
yoga does achieve perfection, he may be considered to have 
‘become Divine’ or ‘achieved identity with the Divine’. This 
is generally expressed by saying that he has achieved union 
with God, or the Divine. Thus yoga is a journey towards self-
perfection with the ultimate aim of achieving union with the 
Divine (Fig. 17.1.1). That is the origin of the word yoga (yuj, 
union).2

 Perfection is a distant and diffi cult goal. Therefore, two 
things can help. First, a systematic method may be worked 
out which can accelerate our progress. All schools of yoga 
advocate a method, a discipline. While method and disci-
pline are essential, the rigidity that often goes with several 
schools of yoga is not. A fl exibility of approach to suit each 
individual’s abilities, temperament and potential are not 
incompatible with yoga. Second, the task may be split into 
its components to make it more managable. Perfection of 
an individual may be split into perfection of the body and 
perfection of the mind. Depending on the temperament and 
inclination of the seeker, emphasis on perfection of one or 
the other component may differ. Accordingly, a school of 
yoga may concentrate predominantly on perfection of the 

body or that of the mind, or on an integrated perfection of both 
(Fig. 17.1.2).

SCHOOLS OF YOGA
Although there are several schools of yoga, we shall discuss 
only four of them as illustrations of the principles outlined 
above.

Hatha Yoga
Hatha yoga aims primarily at perfection of the body. A perfect 
body means a strong and healthy body. Its relevance to the ulti-
mate aim of yoga is that only a strong and healthy body can 
be an instrument to carry out the Divine will. Further, only a 
strong and healthy body can be a fi t temple for the Divine spark 
that resides in all of us.
 The techniques of hatha yoga include asanas, pranayama 
and kriyas (Chapter 17.3). These techniques can be carried to 
such extremes that they can take up all one’s time and make 
one capable of assuming incredible postures. That is why a 
demonstration by a hathayogi may resemble the performance 
in a circus. An advanced hathayogi not only achieves a healthy 
body and longevity but may also gain mastery over functions 
of the body which are normally considered uncontrollable. By 
reducing the metabolic rate, he may be able to live in a con-
fi ned space for an unduly long period, or he may be able to 
control his heart rate.
 Hatha yoga need not neglect perfection of the mind but 
it can. The result, therefore, may be improvement in physical 
health without refi nement of the mind.3 Lop-sided develop-
ment of the body is a potential weakness of hatha yoga. If all 
available time is spent on perfection of the body, there is no 
time left to put that perfect body to any use. In the words of 
Sri Aurobindo, “its laborious and diffi cult processes make so 
great a demand on the time and energy and impose so complete 
a severance from the ordinary life of men that the utilisation 
of its results for the life of the world becomes either impracti-
cable or is extraordinarily restricted....... the physical results, 
increased vitality, prolonged youth, health, longevity are of 
small avail if they must be held by us as misers of ourselves, 
apart from the common life, for their own sake, not utilised, 
not thrown into the common sum of the world’s activities. 
Hatha yoga attains large results, but at an exorbitant price and 
to very little purpose.”
 The basic book of hatha yoga is Hathayogapradipika com-
piled by Svatmarama Yogindra in the 15th century.

Raja Yoga
Raja yoga (literally, the royal path) aims primarily at perfection 
of the mind. A perfect mind is that which is not disturbed by 

Fig. 17.1.1: Yoga is a journey towards perfection, or union with the 
divine.

Fig. 17.1.2: The dominant emphasis of different schools of yoga.

2 That is the commonest interpretation of the etymology of yoga. But the root, yuj, also means to control, or to yoke. This gives us another way to explain 
the origin of the word yoga, which is to subdue or control the ‘normal’ mental processes. In the words of Patanjali, “yoga is the restraint (nirodha) of the 
processes (vritti) of the mind (chitta)”.
3 Pandit Nehru performed asanas for several years. In The Discovery of India he acknowledges that they might have given him a healthy body but ‘com-
plains’ that his mind continues to be as unruly as ever.

17.1.indd   74617.1.indd   746 8/25/2010   11:44:19 AM8/25/2010   11:44:19 AM



C
H

A
PT

ER
 1

7
.1

: G
ettin

g
 In

tro
d
u
ced

 to
 Y

o
g
a

747

ordinary thoughts and distractions. In the words of Patanjali, 
yoga is restraint of the mind. The ordinary mind is very tur-
bulent.4 The disturbances of the surface mind prevent us 
from perceiving our true Self, which is Divine. If these dis-
turbances can be quietened, the veil concealing the Divine is 
lifted, thereby allowing the Divine to come to the front to guide 
the seeker’s life. This development may be considered a step 
towards union with the Divine. The situation is comparable to 
the sea, the bottom of which cannot be seen so long as there are 
waves on the surface.
 The basic technique of raja yoga is meditation. But 
Patanjali, the master of raja yoga, breaks the journey into eight 
limbs. That is why, Patanjali’s yoga is also called Ashtanga 
yoga. The eight limbs are :
1. Yama
 Yama is essentially a set of fi ve don’ts :
 a. Ahimsa (non-violence), i.e. do not cause injury.
 b. Satya (truth), i.e. do not tell a lie.
 c. Asteya (non-stealing), i.e. do not steal.
 d. Brahmcharya (celibacy), i.e. do not indulge in sensual 

pleasure.5

 e.  Aparigraha (non-receiving), i.e. do not be greedy.6

2. Niyama
 Niyama is essentially a set of fi ve do’s :
 a. Shaucha (cleanliness), i.e. internal and external 

purifi cation.
 b. Santosh (contentment), i.e. being satisfi ed with what we 

are given.
 c. Tapas (austerities), i.e. disciplining our movements, or 

concentrating of energies on our objective.
 d. Swadhyaya (study), i.e. study of the scriptures.
 e. Ishwarpranidhan (surrender to God), i.e. placing full 

trust in the will and wisdom of the Divine.
 Yama and Niyama are preparatory codes of conduct. They 

are followed by fi ve specialized techniques. The last limb, 
Samadhi, is an experiential state.

3. Asana, i.e. postures which are steady and comfortable.7

4. Pranayama, i.e. control of prana, usually interpreted as 
breath control.7

5. Pratyahara (gathering towards), i.e. restraint of the senses 
so as to free the mind.7

6. Dharana (concentrating on a certain point) : the point may 
be an object, a sound or an idea.

7. Dhayana (meditation), i.e. letting the mind fl ow towards the 
point(s) of concentration.7

8. Samadhi (superconsciousness), i.e. transcending the ordi-
nary consciousness, which is based on perception of exter-
nal objects.7

 The rationale behind the sequence of the steps will become 
clear after studying meditation (Chapter 17.4). Raja yoga con-
centrates on perfection of the mind but cannot afford to neglect 
the body because only a healthy body can work on the mind. 
That is why asanas and pranayama have not been rejected 
by raja yoga. But the intensity and rigor of these techniques 
is much less than in hatha yoga. Further, these physical tech-
niques have to be preceded by self-purifi cation through yama 
and niyama.
 The weakness of raja yoga is that it promotes aloofness 
and asceticism. The seeker tends to withdraw from the world 
to achieve the superconscious state of samadhi. Once again, 
as in hatha yoga, perfection of the individual takes up all the 
time and effort without necessarily doing any good to the rest 
of the world. It is only an occasional Buddha or Vivekananda 
who does not stop at his own salvation but sets out to provide 
a message to the world. Yogasutras, compiled by Patanjali 
between 300 and 500 A.D,8 are the basic text of raja yoga. The 
Yogasutras comprise four ‘books’: on Samadhi (the process of 
concen tration of mind), on Sadhana (the method of concentra-
tion), on Siddhis (the powers), and on Kaivalya (isolation, or 
independence, of the spirit). The third book describes some 
‘magical’ powers that may appear in a rajayogi, e.g. he may 
gain knowledge of past life, or may be able to read another’s 
mind. But for further progress in yoga, the book on powers 
itself recommends that these powers should be given up. It is 
only by giving up these powers that the yogi can progress to 
Kaivalya, which is the subject of the fourth book.
 The antiquity and titles of the four books by Patanjali are 
awe-inspiring, and indeed for mastering them a life-time may 
not be enough. But they are not unapproach able. The total 
number of sutras (aphorisms) in the four books is 195, and each 
sutra is just one line. An english translation of the four books 
together with an excellent commentary by Swami Vivekananda 
is readily available as a paperback of about 300 pages.
 The remarkable similarity between yama, pancha shila 
(fi ve precepts) of the Buddha, and the last fi ve of the ten com-
mandments is obvious from Table 17.1.1.

Tantra Yoga
The central principle of tantra yoga is that it does not reject 
the world as an illusion but considers it a manifestation of the 

4 Swami Vivekananda has compared the turbulence of the mind with the agitation exhibited by a drunk monkey stung by a scorpion and possessed by a 
demon. The human mind, basically restless like a monkey, gets uncontrollable when it is drunk with the wine of desire, bitten by the scorpion of jealousy 
and possessed by the demon of pride.
5 Brahmcharya, usually translated as celibacy, has a wider meaning in two respects. First, it refers not only to sex but also to abstention from other sen-
sory pleasures. Secondly, it refers not only to the act, but also to attachment to the act. Thus the abstention should be not only in deed but also in thought 
and word.
6 Aparigraha, which literally means non-receiving, has been variously translated as non-covetousness or non-hoarding. Swami Vivekananda translates it 
as non-receiving of gifts.
7 For more details, see Chapters 17.3 and 17.4.
8 Patanjali did not invent yoga. He only systematised and compiled in a succinct form the prevalent practices of one line of yoga.
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Divine. Therefore it expects man to participate wholeheartedly 
in the cosmic play (lila) and enjoy it. While the central prin-
ciple is sound, in practice it can be carried to extremes. Every 
urge emanating from the lower nature can be considered a part 
of Divine play and giving vent to it justifi ed as participation 
in the play. Such rationalization of undesirable activities has 
given tantra yoga a bad name. As M.P. Pandit says, “The effort 
to combine mukti (liberation) with bhukti (enjoyment) is as 
ambitious as it is dangerous. All told, this path calls for stren-
uous application, incandescent purity and a time-consuming 
labour—all of which put it outside the reach of modern man”.

The Triple Path: The Yoga of the Gita
The triple path of work, knowledge and devotion is a synthesis, 
and yet leaves scope for greater emphasis on one or the other of 
its three components.
 The path of knowledge, or jnana yoga, works through 
refl ection and discrimination, eventually leading to realiza-
tion of the true Self which is ordinarily concealed by surface 
phenomena. Thus union with the Divine is ultimately achieved 
by identifi cation with the Divine that resides within and all 
around. As ordinarily followed, it resembles raja yoga, and 
leads to rejection of the world as an illusion. Thus jnana yoga 
tends to promote asceticism.
 The path of devotion, or bhakti yoga, is characterized by 
intense adoration of the Divine. Its chief instrument is emotion. 
It seeks to establish with the Divine a relation ship of intense 
love. The relationship can culminate in union with the Divine. 
As ordinarily followed, this path also leads to such intense 
absorption in the object of worship that the seeker cuts himself 
off from everyday activities.
 The path of works, or karma yoga, extolled in today’s 
action-oriented world as the ideal path, is sometimes simply 
interpreted as disinterested performance of one’s duty. This is 
an oversimplifi cation and a somewhat distorted interpretation. 
The injunction to do one’s duty is so simple that it does not 
need a book like the Gita. The importance of the Gita lies in 
situations when it is not clear what the duty is. For example, 
there may be a confl ict between offi cial duty and social duty. In 
all such cases, the Gita tells us to do the Divine duty. A person 
following karma yoga does not consider himself to be the doer, 
but only an instrument of the Divine. Therefore, he is in a good 
position to know the Divine will. Finally, a stage comes when 
his will merges with the Divine will. That, in a sense, is union 
with the Divine. Karma yoga may also, sometimes, be used 

for liberation from everyday activities and may thereby lead to 
asceticism.
 Thus jnana, bhakti as well as karma yoga may lead to 
asceticism, but such an outcome is not inevitable. Further, 
the three paths need not be pursued exclusively. In fact, Sri 
Aurobindo has made the penetrating observation that starting 
with any one, one would eventually come to pursue also the 
other two. In his words, “Divine Love should normally lead 
to the perfect knowledge of the Beloved by perfect intimacy, 
thus becoming a path of Knowledge, and to divine service, thus 
becoming a path of Works. So also should perfect Knowledge 
lead to perfect Love and Joy and a full acceptance of the works 
of That which is known; dedicated Works (should lead) to the 
entire love of the Master of Sacrifi ce and the deepest knowl-
edge of His ways and His being” (Fig. 17.1.3).
 The triple path differs from hatha yoga and raja yoga in 
not occupying itself with elaborate training of the body or 
mind as a pre-requisite of perfection. Its beauty lies in rely-
ing on our three basic instruments—head, heart and hands—
for achieving perfection. Use the head to know the Highest, 
use the heart to love the Best, and use the hands to serve the 
Greatest.9

 The basic book on the triple path is the Gita. The Gita has 
a universal appeal: just next to the Bible, it is the most trans-
lated book in the world. Its signifi cance lies in the guidance it 
provides in situations of confl ict, in situations of moral crisis, 
when there are more than one alternative courses of action 
available, and there is some very valid justifi cation for each. 
The battle of Kurukshetra symbolizes such moments in life, 
and the solution outlined by Lord Krishna to resolve Arjuna’s 
dilemma can be generalized to resolve similar doubts in every-
day life. The solution thus arrived at is ideal, and at the same 
time restores inner joy and peace.

Fig. 17.1.3: Starting with the path of devotion, knowledge or action, 
one ultimately ends up following all three.

9 Educationists refer to these three areas as the cognitive domain (knowledge), affective domain (attitudes) and psychomotor domain (skills).

Table 17.1.1: Perennial truths

 Yama  Panchashila The Ten commandments
(Raja yoga)   (Buddha) (Old Testament)

Ahimsa 1. Abstain from killing 6. You shall not kill
Satya 4. Abstain from lying 9. You shall not bear false witness against your neighbour
Asteya 2. Abstain from stealing 8. You shall not steal
Brahmcharya 3. Abstain from adultery 7. You shall not commit adultery
Aparigraha 5. Abstain from liquor 10. You shall not covet your neighbour’s house … … or anything that is your neighbour’s
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 Although the triple path comes close to the ideal, its prac-
tice has generally been fl awed by the exclusive practice of only 
one of the three paths in antagonism to the other two. Further, 
in spite of its stress on abolishing the dichotomy between spir-
itual life and worldly life, the dichotomy has appeared repeat-
edly in human history, and has therefore needed a reiteration of 
the life-affi rming brand of spirituality.

Integral yoga
Integral yoga is a very powerful synthesis of different schools 
of yoga formulated by Sri Aurobindo at the beginning of the 
twentieth century. It leans heavily on the yoga of the Gita 
but differs from it in a few signifi cant details. Sri Aurobindo 
makes it clear that his synthesis is neither a simple combina-
tion nor successive practice of different schools because that 
would be a confusion rather than synthesis. Instead, integral 
yoga accepts the central principle underlying several schools of 
yoga while it igno res the superfi cial details of their techniques 
(Table 17.1.2).
 The uniqueness of integral yoga lies in emphasizing the 
following:
a. The world is not an illusion (maya) but a manifestation of 

the Divine. Since the Divine is real, Its manifestation also 
has to be real. It may be only a partial reality, but it is not 
an illusion. The Divine cannot be realized by rejecting Its 
manifestation. Therefore the world should not be rejected 
but transformed. Life on earth should be transformed into 
a higher form: that would be true spirituality. Integral yoga 
is not original in advocating a life-affi rming brand of spir-
ituality. The Gita also does the same. But with the passage 
of time, spirituality has come to be equated with asceticism. 
Swami Vivekananda and Sri Aurobindo have made power-
ful pleas in the recent past for correcting this distortion.

b. The emphasis is on divinisation of daily life. “All life is 
yoga”, says Sri Aurobindo. That does not mean, all life, 
no matter how lived, is yoga. What it means is that all life 
provides opportunities for the practice of yoga. Everyday 
activities such as eating, sleeping and talking are also trans-
formed by yoga (Chapter 17.2). By emphasizing the pos-
sibility and necessity of transforming ordinary everyday 
work, yoga becomes a path open to all.

c. Integral yoga does not stop at the salvation of the individ-
ual. The seeker should also work towards psychospiritual 
transformation of all those who come in contact with him. 

The collective effort would facilitate the elevation of the 
level of consciousness of the human race. This point would 
become clearer from the evolutionary perspective outlined 
below.

d. Integral yoga dovetails with the concept of evolution which 
runs throughout the spiritual thought of Sri Aurobindo. This 
concept of evolution is somewhat different from Darwinian 
evolution. One major point of departure is that it starts with 
involution. The Supreme Consciousness underwent an enor-
mous involution when it manifested as inconscient matter. 
In the course of time, matter evolved into primitive forms 
of life, still essentially inconscient. Then came animals with 
progressively higher forms of conscious ness. Man is the 
latest product of the evolutionary process. But man does not 
mark the end of evolution. Human consciousness is likely 
to evolve into higher states of consciousness, and the end of 
the process possibly will be what Sri Aurobindo calls supra-
mental consciousness. Supramental consciousness is as 
close to the Supreme Consciousness as any living creature 
can possibly reach. The living being achieving this level 
of consciousness may therefore be considered to achieve 
identity, and hence union, with the Divine. This is also the 
terminal point in yoga. Man is unique among living beings 
in having the capacity to work towads the evolution of con-
sciousness, and having even the potential of reaching supra-
mental consciousness, thereby completing the evolutionary 
cycle. Thus yoga may be viewed, in the words of Swami 
Vivekananda, as a means of compressing one’s evolution 
into a single life, or even a shorter time than that. However, 
integral yoga does not stop at an individual achieving supra-
mental consciousness. It emphasizes the collective aspects 
of yoga, expecting from the seeker a generalized contribu-
tion to the elevation of the level of consciousness of the 
human race. This assertion merges, in turn, with walking on 
the yogic path without renouncing the world.

 Integral yoga is, thus, integral in ways more than one. First, 
it integrates several paths of yoga. Second, it integrates spirit-
ual quest with worldly existence. Finally, it combines personal 
calm and delight with concern for universal psychospiritual 
transformation. The basic text of integral yoga is The Synthesis 
of Yoga by Sri Aurobindo.

CONCLUSION
Yoga is an ancient system of Indian philosophy. Although its 
metaphysical aspects are complex, the fundamentals, as appli-
cable to daily life, are quite simple to under stand10. From 
time to time there have developed in yoga several channels 
of specialization and several efforts at synthesis of different 
schools. This cyclic process, as Sri Aurobindo points out, is 
inevitable in any creative human endeavour. Take, for exam-
ple, medicine. Starting with a relatively undifferentiated medi-
cal science, there developed specialities and superspecialities. 
But the development of very narrow superspecialities has been 
followed by a synthesis in the form of mind-body medicine. 
Every phase of the process serves a purpose. The phase of 

Table 17.1.2. Central principles of different 
schools of yoga

School of Yoga Central Principle

Hatha yoga Perfection of the body
Raja yoga Perfection of the mind
Tantra yoga Do not reject the world
Triple path Three alternative approaches
 Dominant approach left to the seeker
Intetgral yoga All above + Do not stop at salvation   
 of the individual

10 But even the fundamentals are diffi cult to translate into practice. Take, for example, the ‘simple rule’, do not tell a lie.
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specialization allows concentration of energies in narrow areas 
leading to maximum possible growth and development of those 
areas. But extreme degrees of specialization have their own 
drawbacks, which stimulate a fresh synthesis. As a result of the 
experience gained during the phase of specialization, the new 
synthesis is more powerful than the undifferentiated system 
existing before the wave of specialization. The new synthesis 
may again be followed by a fresh wave of specialization and 
then a resynthesis. The process is virtually endless.

QUESTIONS AND PROBLEMS
1. Who is fi t to pursue yoga?
2. Which type of yoga is easy?
3. What are chakras?
4. What are nadis?
5. What is kundalini?
6. If the whole lifetime may not be suffi cient to reach the des-

tination in yoga, why embark on such a journey at all?
7. How is yoga related to religion?
8. What is the role of Divine grace in the pursuit of yoga?
9. What is the minimum time required per day for yoga?

ANSWERS AND SOLUTIONS
1. Every human being is a potential yogi. Yoga is a way of 

life. It can be pursued by anyone who takes a fancy to it. 
But yogic lifestyle needs a radical departure from the usual 
attitude to life. Therefore it is best pursued only after one 
feels a strong urge to explore the Truth by enlarging the 
depth, height and width of consciousness. The urge is called 
aspiration. Hence the question is when one is fi t to pursue 
yoga rather than who is fi t to pursue it. The rate of progress 
depends on the intensity of aspiration and sincerity of the 
pursuit.

2. The answer is: none. Integral yoga may seem easy because 
it can be incorporated into everyday life. But the same fact 
also makes it more diffi cult than the paths which emphasize 
asceticism. The reason is that everyday life is full of temp-
tations, confl icts and distractions which make it diffi cult to 
stick to the yogic path. Asceticism minimizes such situa-
tions. Fewer the confl icts, less are the diffi cult decisions 
required.

3. There are supposed to be seven chakras in the body:
 1. Muladhara chakra, midway between the genitals and 

the anus
 2. Svadhisthana chakra, at the root of the genitals
 3. Manipura chakra, at the centre of the navel region
 4. Anahata chakra, in the heart region
 5. Visuddha chakra, at the base of the throat
 6. Ajna chakra, between the two eyebrows
 7. Sahasrara chakra, in the head
 The infl uence of each chakra is thought to radiate to the 

corresponding region in the gross or physical body.
 According to M.P. Pandit, chakras (circles) are subtle cen-

tres, or seats, of consciousness. In the Vedas, there is men-
tion of the doors to gods (devihdwarah), and it was clear 
that the reference was to the subtle, not the physical body. 

But with time, the doors got modifi ed into circles, and they 
came to be spoken of as physical entities. However, there 
are no anatomical counterparts of chakras in the physical 
body.

4. Nadis radiate from the chakras. There are thousands of 
them, making each chakra appear like the petals of a 
lotus. The chief nadis are sushumna, in the centre of the 
vertebral column (corresponding to the central canal), 
ida, to the left of sushumna, and pingala, to the right of 
it. Both ida and pingala are outside the vertebral column. 
Those looking for a physical equivalent, have equated 
ida and pingala with the sympathetic chains. But accord-
ing to M.P. Pandit, like the chakras, nadis also should 
not be looked for in the physical body. They are subtle chan-
nels of vital energies, and are visible only with the yogic 
vision.

5. Kundalini is supposed to be a coiled up snake at the base of 
the spine. Certain yogic practices are believed to activate 
the kundalini. Activation uncoils it, resulting in its asecent 
towards the head which, in turn, confers unusual powers on 
the person. Obviously, there is no anatomical basis for these 
assertions, and they cannot be taken literally. But there is 
scope for interpreting them symbolically. According to M.P. 
Pandit, the coiled up snake may be interpreted as the latent 
potential of a person. The uncoiling would then refer to the 
progressive realization of the potential.

6. Fortunately the outcome of yoga is not an all or none phe-
nomenon. Every bit of progress brings commensurate inner 
peace and joy. The graded nature of the process makes it 
easy to adopt the dictum, enjoy the journey and forget about 
the destination.

7. Yoga is closely related to Vedanta, a system of philosophy. 
Hence yoga is not a religion; it can be practised by follow-
ers of any religion without interfering with their religious 
beliefs.

 The references to God, such as ‘Surrender to God’ in the 
Niyamas of Patanjali’s do not refer to a particular God, and 
are not an absolute requirement. Therefore, even atheism is 
not incompatible with practice of yoga.

 Probably the best argument in favour of yoga being the 
heritage of all humanity is that introspective and illumined 
minds from all parts of the world, with varied cultural and 
religious backgrounds, and at different periods of history, 
have stumbled on paths similar to yoga.

8. It is believed that progress in yoga is due to the combina-
tion of the sadhak’s personal efforts and Divine grace. But 
personal effort is essential for the sadhak to become recep-
tive to Divine grace. In simpler words, God helps those who 
help themselves.

9. This is a common question which should not be asked. 
The question refl ects ignorance about the fundamentals of 
yoga. Yoga is not a part time activity. It should infl uence, 
transform and divinise every activity of the day. Even when 
work done with the yogic attitude is outwardly the same as 
that done without it, there are important differences. Work 
done with the yogic attitude is free from the ego sense of 
the doer and is done without the desire for fruit, success or 
victory.
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17.2
Yoga in Daily Life

Yoga is often called a way of life; it is also a view of life. More 
precisely, it is a way of life based on a certain view of life. The 
yogic view of life derives from the world view embodied in 
Vedanta (Fig. 17.2.1).

VEDANTA
Like all systems of spiritual philosophy, Vedanta is an answer 
to the search for the Ultimate Reality behind the universe. The 
answer is that there is only One constant, imperishable Ultimate 
Reality, termed the Brahman. The Ultimate Reality has also 
been variously called the Absolute, the Divine, the Supreme 
Consciousness, the Infi nite, or simply God. The universe, as 
perceived by the senses, is a partial manifestation of the Reality. 
Further, mystic vision reveals, and logic demands the conclu-
sion that the spirit of the Reality pervades all Its manifesta-
tion: animate or inanimate. The image of an unchanging and 
everlasting Reality underlying the phenomenal and transient 
reality as perceived by the senses is common to several mystic 
traditions. The invisible essence of the Absolute, referred to as 
the Divine spark, is the common thread that unites all visible 
universe. The belief in an all-pervasive essence, or ‘spirit’ is 
the basis of the word ‘spiritual’.

YOGIC VIEW OF LIFE
The yogic view of life has been inspired by the vedan-
tic world view. The first casualty of the world view 
embodied in Vedanta is the separative ego. Since
the essence of every individual is the same Divine 
spark, the wall that ordinarily divides an individual 
from the rest of the universe tends to crumble. How this 
single factor of egoism falling in the right perspective
brings about signifi cant attitudinal changes has been discussed 
below.

Dealing with the Ego
Ego is the awareness of an individual as a distinct entity. Since 
this awareness separates the individual from everybody else, 
it is referred to as the separative ego. Separative ego is only 
a partial reality. The deeper reality underlying each individ-
ual is the spirit of the Ultimate Reality. To give an example, 
every wave in the ocean is real, but the deeper reality of all 
the waves is water. If this basic truth is grasped, the individual 
is overcome by a new sense of unity, a new sense of kinship, 
with everyone around. In the words of M. Scott Peck, the ego 
boundaries collapse. Control, and ultimately, elimination of the 
separative ego is an important part of the yogic attitude. With 
this change in attitude, the person loses his feeling as the doer 
of his actions. He considers himself to be merely an instrument 
of the Divine. We are often advised ‘not to show off’ or ‘not 
to think too much of ourselves’. The yogic attitude carries this 
standard advice to its idealistic extreme. Elimination of the 
separative ego is the most vital part of the yogic attitude. If 

Bearing ill-will to none, and having friendship and compassion for all beings, free from egoism and I-ness and 
my-ness, even-minded in pain and pleasure, and forgiving, the yogin who is ever content, self-controlled and 
fi rm-willed and whose mind and reason are given up to Me, he, My devotee is dear to Me.

—The Gita, 12: 13-14

Fig. 17.2.1: Yoga is a way of life based on a certain view of life.
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this part can be accomplished, the other components outlined 
below follow automatically as a matter of course.1

Dealing with Desires
Desires are the basic cause of misery, declared Buddha more 
than 2500 years ago. But that has not prevented man from con-
tinuing to be a creature with endless desires. He learns that ful-
fi llment of desires does not guarantee perpetual happiness early 
in childhood when the toy which he wanted so badly soon col-
lects dust in a neglected corner of the house. He also learns that 
desires are endless when getting one toy only fuels the desire 
for another one. But the process goes on throughout life; it is 
only the toys that keep changing. Reduction, and fi nally, elimi-
nation of desires is also a vital part of the yogic attitude. Many 
desires are aimed primarily at boosting the ego. Therefore, con-
trolling the ego also controls desires. As Sri Aurobindo points 
out, desires starve in the absence of support from the ego.

Surrender
Surrender to a superior force, which we may call Nature, God, 
or by any other name, implies a few assumptions: fi rst, that the 
force exists; second, that the force has a design and does not 
act in a haphazard manner; and fi nally, that the designs of the 
force are perfect. These, or very similar assumptions follow 
from the world view embodied in vedanta and other spiritual 
philosophies. These assumptions make it easy to accept even 
seemingly unpleasant circumstances with a smile. Surrender is 
more than a philosophic acceptance of the inevitable. It implies 
not only the acceptance that the Divine will always prevails, 
but that the Divine will is always for the best. As Sri Aurobindo 
points out, the surrender has to be not only to the Divine Will 
but also to the Divine Wisdom. This attitude may appear unsci-
entifi c but is not irrational. Further, a better formula for achiev-
ing profound equanimity and lasting inner peace in our erratic 
and unpredictable world is yet to be written. Surrender leads 
to acceptance of victory and defeat, success and failure, hap-
piness and sorrow, with equal delight. A person with the ego 
under control fi nds surrender easy.

Universal Love
If we treat ourselves as well as everyone else as a manifestation 
of the Divine, we would love everyone as much as we love our-
selves. Thus universal love follows directly from the collapse 
of ego boundaries. Most people are able to extend love to their 
family and friends. But as the yogic attitude intensifi es, the 
sphere of love widens, and the purity of love improves. Pure 
love is that which is extended without any expectation. In the 
advanced stages of spiritual seeking (sadhana), love extends 
to all creatures—animals and plants—and even the attitude 
towards nonliving objects becomes tender and caring. Further, 
all this love is full of concern but devoid of attachment.

YOGIC WAY OF LIFE
The yogic view of life transforms the way we live. Adopting 
a life based on the yogic view of life is easier if we isolate 

1 One has to be careful so that the ‘normal’ separative ego does not get replaced by its still more deadly form, the spiritual pride.

The Human Machine

Using a gadget is great,
But making the machine is greater still.
Inventing the instrument, however,
Needs the greatest skill.

Life is a machine
Invented by the Divine.
Into matter He injects life
To make it a tool divine.

The role of we mortals
Is the simplest of all.
To use the machine
To fulfi ll His plans big and small.

To do His bidding
Is easier said than done.
The road to His plans
Is blocked by bullies more than one.

The fi rst bully is ego,
A bloated balloon.
Puncture it as you may,
It fi lls itself soon.

The second bully is desire,
A multiplying tribe.
Oust one, and fi nd two
Begging for a bribe.

Despair not,
For there are friends.
They can facilitate
The journey to His ends.

The fi rst friend is surrender.
Silence your mind,
And you will hear
His voice, clear and kind.

Reason no more,
Do what He says.
Confl ict only clouds the vision,
You anyway end up where He takes.

The second friend is merger.
There is after all,
The same divine spark
In beings big and small.

If you are in pain,
I should weep as well.
Your moments of joy
Should make my heart swell.

Merger is easy to preach
But diffi cult to practise.
That my needs come fi rst,
Is very easy to establish.

To fi t into His plans,
There are thus dictums four:
No ego, no desire,
Total surrender, merge more.

17.2.indd   75217.2.indd   752 8/25/2010   11:44:10 AM8/25/2010   11:44:10 AM



C
H

A
PT

ER
 1

7
.2

: Y
o
g
a in

 D
aily Life

753

ourselves and retire to a cave. But such escape is neither desir-
able nor would suit most people. Further, the escape is not nec-
essary. Practicing yoga while living an active life is a challenge 
which we should not run away from. Transforming life rather 
than rejecting it is the better way of practicing yoga. Let us see 
how yoga can transform everyday activities.
 We all do some work, may be for a living or as a hobby. 
A housewife does plenty of work neither for a living nor as 
a hobby. How can all these different types of work be done 
with the same attitude? The yogic attitude to work involves 
three basic features. First, it is done without a sense of ego. 
The person apparently doing the work considers himself to be a 
mere instrument of the Divine. Second, the work is done with-
out any desire for reward. Third, since the work is done for 
the Divine, it is given away as an offering to the Divine. Done 
in this spirit, work brings lasting mental peace. Further, since 
the work is offered to the Divine, the person tries his best to 
make the product of the work fi t for the Divine. This leads to a 
level of excellence which may otherwise seem beyond human 
capabilities. No wonder the best buildings in the world are 
places of worship because they are built not for money but for 
love of God. The same spirit can be brought also into mundane 
tasks.
 In the course of our daily work, we meet several people. 
A person with a yogic attitude will see all of them as mani-
festations of the Divine, just like himself. The ‘me vs. all the 
rest’ divide will fade out. It will be replaced by a vision of One 
in all, all in One. Once that happens, there is no confl ict that 
cannot be resolved. Tension gives way to harmony. The atmos-
phere in the workplace will be suffused with peace, friendship 
and love.
  Even simple everyday acts such as eating, sleeping and 
speaking get transformed by the yogic attitude. Before eating 
we should say to ourselves that the purpose of eating is to 
sustain the body so that it can serve as an effi cient instrument 
of the Divine. Before sleeping we should pray that the sleep 
may restore our strength so that we can resume with renewed 
vigour the tasks for which we have been chosen by the Divine. 
Before speaking we should think a while and let only those 
words escape our mouth which are consistent with the yogic 
attitude. Just as our thoughts infl uence our words, words actu-
ally uttered also infl uence our thoughts. For example, express-
ing anger in words fuels anger, criticising a person increases 
our hatred for him, and talking of luxury goods increases our 
desire to possess them. On the other hand, giving expression 
to genuine appreciation, love or forgiveness fi lls us with peace 
and warmth.
 The yogic way of life might appear ideal but too impractical 
for everyday use. But just knowing about it serves no purpose 
unless a sincere effort is made to adopt it in daily life. Sincerity 
is, in practice, the most important virtue. We generally know 

what to do, but lack the will to do it. Sincerity makes us do the 
right thing even at the expense of risk or inconvenience.

QUESTIONS AND PROBLEMS
1. How can one have the confi dence to do anything if one 

eliminates the ego?
2. On one hand, yoga aims at elimination of desires. On the 

other hand, it works towards union with the Divine. Isn’t 
union with the Divine a seeker’s desire?

3. Is it desirable to suppress desires?
4. If attitude is all important in yoga, what is the importance of 

techniques?

ANSWERS AND SOLUTIONS
1. Confi dence and elimination of ego are not incompatible. 

After elimination of the ego, confi dence is in the Divine. 
Instead of feeling “I am confi dent I can do it”, the individual 
feels “If the Divine has chosen me as the instrument to do it, 
I am confi dent He will also give me the ability to do it”.

2. Strictly speaking, even desire for union with the Divine 
should be eliminated. In fact, the union occurs only when 
the seeker is not thinking about it.

 However, an aspiration is permissible. Aspiration is a call 
to greater heights and depths than can be reached by the 
surface mind. Working at self-perfection in response to such 
a call is what yoga is all about.

 An aim in life is also not only permissible but also desira-
ble. As the Mother (of Sri Aurobindo Ashram) has said, “An 
aimless life is always a miserable life ... ... on the quality of 
your aim will depend the quality of your life”. But if in spite 
of one’s best efforts, one fails to realize the aim, the seeker 
would accept the outcome, whatever it may be, with equal 
delight. On the other hand, if the seeker realizes the aim, he 
would attribute it not to his efforts but to Divine grace.

3. No, desires need not be suppressed. As one progresses on 
the path of yoga, desires drop off one by one. What is impor-
tant is inner renunciation. To paraphrase Sri Aurobindo, true 
renunciation is the inner rejection of desire. Without the 
inner renunciation, outer renunciation is meaningless. With 
inner renunciation, outer renunciation is not necessary but 
it is not forbidden, and generally follows automatically.

4. Techniques are concentrated efforts which have a place in 
yoga in view of lofty goals. Techniques are important for 
realizing one’s highest potential. For example, steam has 
tremendous power, but it can be all dissipated in vain unless 
technology is employed. Using appropriate technology, the 
same steam can pull a train. Techniques are also important 
for accelerating the pace of progress. It may be possible to 
make a long journey on foot, but it helps if one uses a car.
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17.3
The Yogic Practices: 
Asanas, Pranayamas

and Kriyas

The yogic attitude forms the necessary background and accom-
paniment of all yogic practices. We shall discuss here the more 
visible and relatively popular forms of yogic practices.

ASANAS
Asana, literally, means a posture. There are more than 80 
asanas described in Hathayogapradipika, and individual prac-
titioners have introduced some variations, increasing their 
number still further. Since an average person does not have the 
time to perform so many asanas everyday, several selections of 
relatively easier asanas are popular.
 Asanas may be classifi ed into three main groups:
1. Asanas for relaxation
2. Asanas for physical exercise
3. Asanas for meditation

Asanas for Relaxation
These asanas provide physical relaxation, and if properly per-
formed, also mental relaxation. These asanas are repeated sev-
eral times during a typical session.
 A typical session of asanas begins with warming up 
through a few minutes of stationary running, loosening exer-
cises, or through surya namaskar (Fig. 17.3.1). Warming up 
is followed by fi ve minutes of a relaxing asana, usually sha-
vasana (Fig. 17.3.2). Shavasana is repeated for a few minutes 
at a time between several other asanas which provide physi-
cal exercise. The end of a session of asanas is also usually a 
long (about 10 minutes) shavasana. Another common relaxing 
posture is makarasana (Fig. 17.3.3). Makarasana is sandwiched 
between those asanas which are performed lying down in the 
prone position.
 Shavasana relaxes the body because the muscles are com-
pletely relaxed voluntarily.1 It also relaxes the mind through 
deep and conscious breathing, and autosug gestion. Shavasana 
is an extremely useful asana, specially for busy people under 

stress. Shavasana is the one asana recommended to them if 
they do not have time and strength for any more.

Asanas for Physical Exercise
These asanas are the best known part of yoga. Most books on 
yoga devote maximum space to these asanas. A sequence of 
10-15 asanas which would take 30-45 minutes to perform can 
provide exercise to almost all muscles and joints of the body, 
‘massage’ the visceral organs, and activate cardiorespiratory 
refl exes. A typical asana starts with a starting position. From 
there, progress is made towards the fi nal posture through a 
slow, gentle and graceful movement. In the fi nal position, at 
least some parts of the body are under intense stretch. The 
body is held still in the fi nal posture for some time, usually at 
least 10 s. After that, the body is brought to a relaxing posture, 
again through a slow and gentle movement. Several studies 
have shown the superiority of asanas to ordinary physical exer-
cises in terms of their physical benefi ts, and even more their 
psychological benefi ts and therapeutic effects. Therefore, it is 
natural to ask how these asanas are different from other physi-
cal exercises. The special features of asanas are:
 1. The movements are slow, gentle and graceful.
 2. Every pose is followed by a counterpose.
 3. Stretching alternates with relaxation.
 4. The session of asanas begins with relaxation, ends with 
relaxation, and is interspersed with relaxation.
  But even the above features are not enough to call the 
asanas, yogasanas. Asanas become yogasanas only when per-
formed with the right attitude. They should be preceded by 
purifi cation of behaviour (yama and niyama). Further, they 
should be performed with conscious awareness of their spir-
itual aim. While performing the asanas, the thoughts occupy-
ing the seeker’s mind should be that he is working towards 
physical perfection so that his body can be a temple worthy 
of the Divine spark that resides within. He should be praying 
for a healthy body fi t to be an effi cient instrument of the divine 

Any posture which is steady and comfortable is an asana; there is no other rule.
—Sankhya, VI: 24

1 Simply lying down supine does not relax the muscles completely. After lying down, further muscle relaxation can be achieved by voluntary effort. As 
the muscle tone gets abolished, one gets a feeling of sinking into the ground.
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Fig. 17.3.1: Surya namaskar (salutation to the Sun).
S, starting position; 1-12, the twelve steps; I, inhale; E, exhale; H, hold the breath.

Fig. 17.3.2: Shavasana, a relaxing posture. One should lie down with 
feet apart, hands away from the body, palms facing upwards, with 
the eyes closed, and breathe slowly and deeply. As the air goes in, 
the abdomen goes up, and as the air is breathed out, the abdomen 
comes down. The whole body should be relaxed completely and the 
mind should be at peace.

Fig. 17.3.3: Makarasana, a posture particularly suitable for relaxing 
between asanas which are performed with the belly touching the 
ground, such as bhujangasana and dhanurasana.

will. With this attitude, any physical exercise may be consid-
ered yogic. Without this attitude, even asanas are mere physical 
exercises, not yoga. A reasonable sequence of asanas is given 
in the accompanying box and many of the asanas have been 
illustrated in Figures 17.3.4 – 17.3.8.
 The description of asanas here is meant to illustrate only 
the general principles. Much more details are necessary for 

actually performing the asanas. Detailed guidance is readily 
available in books and cassettes, but the best option probably 
still is to begin under the supervision of a good teacher.
 While there is a standard pose for each asana, it may be 
diffi cult, and even undesirable for some individuals to assume 
it. There are two reasons for it. First, the fl exibility of some 
individuals may be limited by age and constitution. In such 
cases, it is enough to sincerely bend the body as much as pos-
sible in the desired direction, and it is not necessary to reach 
the fi nal pose. For example, if it is impossible to touch the toes, 
it is enough to take the fi ngers as close to the toes as possible. 
It is the right attitude that is essential in yoga, not the perfect 
pose. Second, some ailments may make certain asanas harm-
ful for the individual. For example, persons with problems of 
the back may come to grief if they perform asanas involving 
fl exion of the back, specially during or soon after an episode 
of backache. In the ultimate analysis, there is only one rule for 
asanas: they are postures which are steady and comfortable. 
An unsteady or painful posture is not an asana. Therefore, such 
inconvenient postures should not be attempted, even if a book 
illus trates them. Everything cannot be done by everybody in 
the world.

Asanas for Meditation
These will be discussed in Chapter 17.4.

PRANAYAMA
Pranayama, literally, means control of Prana. Prana, in Indian 
philosophy, refers to all forms of energy in the universe.2 Life 
force is one part of this energy. Life force, in an individual, is 
symbolised by breathing. That is why pranayama is generally 

2 All forms of matter are collectively called Akasha. There is a cyclic interconversion of Akasha (matter) and Prana (energy) because the two are essen-
tially manifestations of the same Divine force.
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Fig. 17.3.4: A set of asanas performed lying down.

Fig. 17.3.5: A set of asanas performed standing up. The arrows in 
baddhakonasana indicate that after assuming the posture shown, 
the person bends forward.

Fig. 17.3.6: A set of asanas performed sitting up.

considered to mean regulated breathing. But that is only the 
beginning. A yogi, through pranayama, can at some stage con-
trol other functions of his body, and fi nally control manifesta-
tions of prana even outside his body.
 As a technique, pranayama can assume rather complex 
forms of breathing. But the essence of the practice is slow 
and deep breathing. Such breathing is economical because it 
reduces dead space ventilation. It also renews air throughout 
the lungs in contrast with shallow breathing which renews 
air only at the base of the lungs. Slow and deep breathing is a 
part of shavasana (Fig. 17.3.2). It may also be practised sitting 
in the cross legged posture. Place one hand on the abdomen 
and the other on the chest. Breathe in slowly, fi rst using the 
diaphragm. Feel the abdomen moving out. Then take in some 
more air, using the intercostals. Finally, take in some more air, 
which would enter the uppermost part of the lungs. During this 
fi nal effort at inspiration, take care that the abdomen does not 
move inwards. Retain the breath for a while. Then breathe out 
slowly, fi rst emptying the lowest part of the lungs, then the 
middle, and fi nally the uppermost part of the lungs.
 Complex forms of pranayama require prior prolonged prac-
tice and mastery of asanas, and meticulous instruc tion from a 
competent teacher. However, for the sake of fam iliarity, a few 
terms are being introduced here. Puraka refers to inhalation, 
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A Sequence of Keep Fit Asanas for Beginners 
(Duration: about 1 hour)

1. Warming up
2. Shavasana
3. Prishthbhoomitadasana
3a. *
4. Setubandhasana
4a. *
5. Pavanmuktasana
5a. *
6. Uttanpadasana
6a. *
7. Ardhanaukasana
8. Poornanaukasana
8a. *
9. Baddhakonasana
10. Pashchimottanasana
11. Konasana
11a. *
12. Vajrasana
13. Shashankasana
14. Ushtrasana
15. Parvatasana

16. Makarasana
17. Bhujangasana
17a.  Makarasana
18. Dhanurasana
18a. *
19. Sarvangasana
19a. *
20. Matsyasana
20a. *
21. Tadasana
22. Padahastana
22a. Tadasana
23. Trikonasana
24. Katichakrasana
25. Utkatasana
25a. *

*, Shavasana
(Courtesy: Sri Aurobindo Ashram, Delhi Branch)
An audiotape providing instructions for these asanas is 
available from Sri Aurobindo Ashram (Delhi Branch), New 
Delhi 110 016.

Fig. 17.3.7: A set of very popular asanas. Note the similarity between sarvangasana and sirshasana. Both provide similar benefi ts but 
sarvangasana is much easier and safer. Sirshasana is a risky posture which should not be attempted by beginners. Sarvangasana is a 
safe alternative to sirshasana.

rechaka to exhalation, and kumbhaka means breath holding. 
Breath holding after inspiration is called antara kumbhaka, and 
breath holding after expira tion is called bahya kumbhaka. A 
few varieties of pranayama are:
1. Ujjayi pranayama: maximal inspiration, making a sibilant 

sound, followed by slow expiration.
2. Suryabhedana pranayama: inspiration through the right 

nostril, retention of breath, and then expiration through the 
left nostril.

3. Nadisodhana pranayama: alternate nostril breathing; the 
nostril is changed after each inspiration.

4. Bhastrika pranayama: forceful breathing, simulating 
bellows.

5. Kapalabhati pranayama: resembles bhastrika but the inspi-
ration is gentle, only the expiration is vigorous.

6. Bhramari pranayama: resembles ujjayi, but a sound 
resemb ling the buzzing of a bee is produced during 
expiration.
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7. Sitali pranayama: the tongue is curled up and protruded, 
and characteristic sounds are produced during inspiration 
and expiration.

8. Sitkari pranayama: a simpler version of sitali.
9. Murchhana pranayama: Here there is a characteristic modi-
fi cation of the expiratory phase: the neck remains bent 
while the glottis is opened. It results in slight loss of con-
sciousness possibly by increase the pressure on the carotid 
sinuses.

10. Plavini pranayama: In this variety, fi rst air is swal lowed 
and the stomach is fi lled with air as much as possible. Then 
the puraka-kumbhaka–rechaka parts of pranayama are per-
formed as usual. During kumbhaka, since the stomach as 
well as lungs are full of air, the person can fl oat on water 
very easily. The deeper signifi cance of the practice, how-
ever, is that the simultaneous stretching of stomach and 
lungs stimulates stretch receptors in both these regions and 
creates an awareness which is considered precious.

KRIYAS
Kriyas are ‘cleansing’ techniques. They are six in number, and 
are therefore also called shatkarmas (shat, six). It is said that 
they clean the inside of the body. In addition, they are also sup-
posed to have a benefi cial effect through their infl uence on the 
chakra close to the scene of action of the kriya. These effects 
are diffi cult to explain or even comprehend scientifi cally. But 
some knowledge of these techniques is desirable for a student 
of yoga. Being advanced techniques, they are by no means 
recom mended for the beginner.

1. Neti (nasal cleansing)
 Neti has a few variations. In the variety called jala (water) 

neti, salty water is poured into one nostril and allowed to 
fl ow out of the other.

2. Dhauti (stomach cleansing)
 In the variety called vastra (cloth) dhauti, a strip of cloth 

(e.g. gauze) is soaked in saline, swallowed and then pulled 
out. Nauli (see below) may be performed while the gauze is 
in the stomach.

3. Basti (colonic cleansing)
 The person sits in a tub containing some water. The person 

performs nauli (see below) to create negative pressure in 
the abdominal cavity. As a result, water is sucked into the 
rectum and colon.

4. Nauli (abdominal churning)
 Nauli is performed standing, with knees slightly fl exed, and 

hands resting on the thighs. After a maximal expiration, the 
diaphragm is pulled upwards. Then the recti are contracted 
forcefully, forming a central ridge in the abdomen. The 
abdominal muscles are then pushed in and out. In a more 
advanced version, unilateral abdominal movements may be 
performed, creating a wave-like motion on the surface of 
the abdomen.

5. Kapalabhati (cleansing of the ‘head’)
 Kapalabhati is a type of pranayama, and is essentially a 

hyperventilation technique.3 Hyperventilation washes off 
carbon dioxide, which in turn leads to cerebral vasocon-
striction. That leads to a feeling of emptiness in the head. 
This, possibly, explains scientifi cally why kapalabhati is 
thought to cleanse the head.

6. Trataka (eye cleansing)
 Trataka consists of gazing steadily, without blinking, at 

an object (e.g. a candle) placed at eye level at a distance 
of about 2 feet. The process is continued till the eyes start 
watering, which happens in 1 to 3 minutes. Then the eyes 
are closed and the fl ame is visualized mentally at a point 
between the eyebrows. The exercise is said to improve eye-
sight and concen tration, and can serve as preparation for 
meditation.

 Yogic practices, such as asanas, pranayama and kriyas, act 
as catalysts or facilitators on the path of yoga. However, there 
is an inherent pitfall in all these practices. Being the most vis-
ible part of yoga, performing them well may be taken as an end 
in itself, leading to their mechanical or ritualistic performance. 
Therefore it is important to remember that fi rst, practices are 
only a means to an end; and second, practices have to be sup-
ported by the right attitude.

QUESTIONS AND PROBLEMS
1. Is it incorrect to start asanas before achieving perfection in 

yama and niyama?
2. What time of the day is best for asanas?
3. What dress is best for asanas?
4. Can Shirshasana be dangerous?

Fig. 17.3.8: A set of asanas performed standing up.

3 This description is based on Hathayogapradipika. Gheranda Samhita uses the term Kapalabhati for a very different practice.
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5. What type of diet is suitable for yoga?
6. What is the importance of the guru in yoga?

ANSWERS AND SOLUTIONS
1. No, that would effectively exclude most of us from the 

practice of asanas. While perfection in yama and niyama 
is not necessary, a conscious effort to enforce them in daily 
life is highly desirable before embarking on asanas.

2. Early morning, after emptying the bowels, and on empty 
stomach, is the best time for asanas. If that is inconven-
ient, the asanas should be performed more than 4 hours after 
the previous meal. For example, if lunch is over at 2 p.m., 
asanas may be performed after 6 p.m.

3. Any loose and comfortable dress is satisfactory. The 
dress should not reduce the fl exibility of the body. Cotton 
is better than synthetic fabrics because it lets the sweat 
evaporate.

4. Yes, shirshasana is potentially dangerous because it may 
twist the neck. It is an asana only for experts. Non-experts 

can derive the benefi ts of shirshasana from the much sim-
pler and safer sarvangasana.

5. Yogic diet is not a rigid diet. A simple but wholesome veg-
etarian diet, free from stimulants, is considered appropriate. 
However, the desire for rich food is also likely to disap-
pear gradually during the practice of yoga. It is better to 
change the diet in keeping with the change of heart rather 
than impose a drastic change abruptly.

6. Before undertaking a journey to an unknown land, a map 
is useful. The guru can provide the map for the yogic jour-
ney. In the words of Sri Aurobindo, “Teaching, example, 
infl uence—these are the three instruments of the guru ... 
... He will seek to awaken much more than to instruct ... ... 
example is more powerful than instruction ... ... Infl uence 
is more powerful than example ... ... the greatest Master is 
much less a Teacher than a Presence pouring the divine con-
sciousness and its constituting light and power and purity 
and bliss into all who are receptive around him.” Although 
a living Guru is ideal, a book can also fulfi ll the role of the 
Guru.
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17.4
Yogic Practices: 

Meditation

In order to understand the signifi cance of meditation in yoga, 
it may be helpful to recall that the foundation of yoga is the 
world view embodied in vedanta (Chapter 17.2). Vedanta, and 
other spiritual philosophies, are a response to some fundamen-
tal questions such as the origin and purpose of the universe, and 
the role and signifi cance of an individual in the cosmic play. 
These are diffi cult questions, and it is a natural response when 
dealing with a diffi cult question to sit peacefully at a quiet place 
and concentrate on the problem. It is not always necessary to 
analyse the problem thoroughly and compare several alterna-
tive solutions rationally. The best solution often hits us by just 
sitting with a fi rm determination to fi nd an answer but without 
anxiety or impatience: the solution simply presents itself in a 
fl ash, sooner or later. When seeking the Absolute Reality, this 
type of passive attitude is all the more necessary, and would 
also intuitively suggest itself, because in any case no amount 
of rational analysis can ever provide a defi nitive answer to this 
most basic of all questions. Further, the answer to such an elu-
sive question may need several such sittings over years, and in 
the course of time the process of sitting peacefully would itself 
become elaborate and acquire the character of a technique with 
a set protocol. Further, it is quite natural that different seekers 
would work out different techniques, albeit with some common 
features. Probably that is how several techniques of medita-
tion have evolved. Based on a study of some of the best known 
meditative techniques, Herbert Benson has deduced that they 
all have in common the following four features: a quiet envi-
ronment, a comfor table posture, a mental device, and a passive 
attitude.
 The technique discussed here is based on raja yoga, one 
of the oldest meditative practices. But it will be described 
in such a way that it can be adapted to suit any tempera-
ment or faith (or lack of it!). The goal of yoga in raja yoga 
is chitta vritti nirodha, i.e. absence of the normal activities of 
the mind. The idea is not to have a blank mind, but to have 
a more receptive mind. To give an analogy, if a vessel is full 
of water, and we want to fi ll it with milk, the fi rst step would 
be to empty it by pouring out the water. In the same way, 

routine thoughts, which are always numerous and non-stop, 
have to cease before higher or deeper truths can be received 
by the mind. Raja yoga has eight limbs (Chapter 17.1). The 
fi rst two, yama and niyama, are preparatory steps, aimed at 
moral purifi cation. The purifi cation improves the receptivity 
to higher truths. The next limb, asana, is the step with which 
meditation begins. Meditation continues with the subsequent 
steps, viz. pranayama, pratyahara, dharana and dhyana. The 
last limb, samadhi, is not a part of the process of meditation, 
but its product. It is a superconscious stage, during which 
the higher Reality, which cannot be perceived by the senses, 
becomes ‘visible’. Nothing specifi c has to be done to ‘achieve’ 
samadhi: it just happens. To give an analogy, nothing has to be 
done to quieten the turbulence in a pond. Left alone, it becomes 
quiet. When it is quiet, the bottom of the pond becomes vis-
ible. Being an experience, samadhi is diffi cult to describe. Yet, 
it has been described as an experience of oneness, wideness, 
an experience of absolute bliss transcending time and space. 
It has been said that “if one has the experience, no descrip-
tion is necessary. But if one does not have the experience, no 
description is adequate”. It is an experience which comes, to 
start with, only momentarily, to the adequately receptive. But 
with practice, the experience becomes more and more constant. 
We shall concentrate only on asana, prayanayma, pratyahara, 
dharana and dhyana, which together form the technique of 
meditation.

THE PROCESS OF MEDITATION
Although meditation can be performed at any time and at any 
place, it is preferable to do it at nearly the same time and at a 
fi xed place everyday. It may be done once or twice a day, about 
20 minutes each time. The best timings are dawn and dusk. The 
place should be a quiet and clean corner. It may help create the 
right mood and atmosphere if an altar is set up as a focal point 
in the chosen corner. The altar may have a picture or some rep-
resentation of God or the guru, or some neutral object(s) such 
as fl owers or a candle.

In order to allow direct seeing to take place, the mind, which by its very nature attempts to mediate between 
the object and the subject, has to be quietened.

—Ravi Ravindra
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Asana
Meditation proper should be preceded by a proper posture, or 
asana. Meditation is usually performed sitting on the fl oor with 
the eyes closed. Some of the recom mended postures are pad-
masana, sukhasana or vajrasana (Figs 17.4.1A and B). If sit-
ting on a chair is more convenient than sitting on the fl oor, that 
is also acceptable. The basic principle of the posture for med-
itation is that it should be steady and comfortable. The erect 
posture achieves this aim. The body should be erect but not 
tense. It should be possible to stay relaxed and immobile in that 
posture for a considerable time without any discomfort. Lying 
down is not a suitable posture for meditation because it is too 
passive, and may induce sleep.

Pranayama
After assuming the right posture with the eyes closed, the next 
step is to attend to the breathing. Take four or fi ve slow and 
deep breaths. The rate of breathing should be about 6/min, and 
the depth slightly greater than usual. Slow and deep breathing 
itself has a calming effect on the mind and facilitates medita-
tion proper. A deep inspiration followed by a very slow expira-
tion is a simple form of pranayama. Observe the breath. Feel 
the cool air passing through the nostrils during inspiration. Feel 
the warm air leaving the throat during expiration.

Pratyahara
The next step is pratyahara, which literally means ‘bringing 
together’ or ‘gathering towards’. The mind is normally very 
restless. It is crowded with a multiplicity of thoughts running 
in various directions. That is why when we sit down to medi-
tate, so many thoughts distract us. But by a gentle effort and 
patience, these thoughts can be suspended. When we do so, we 
become aware of sounds such as chirping of the birds, the whir-
ring of the fan, or the movement of furniture in the next room. 
We may feel all these sounds have begun when we are trying 
to get some peace. But instead of feeling upset, we should 
congratulate ourselves. These sounds were already there, but 
were masked by our usual preoccupations. Now that we have 
suspended those preoccupations, the sounds get unmasked. 
Perceiving these sounds is a sign of our success at ignoring or 
suspending routine thoughts. Now the next step is to ignore 
these sounds as well. Sensory withdrawal is an important part 

of pratyahara. As the density of thoughts decreases, they can 
be given a certain direction. We begin by cutting the unruly 
bunch of thoughts down to size, and then eliminate even the 
few thoughts that remain. As soon as a moment of total silence 
has been reached, we are ready for the next step.

Dharana
Dharana means concentration. The question arises, what 
should we concentrate on. We already started concen trating on 
the breath during pranayama. That should continue. In addi-
tion, one may choose one or more of the following to form one 
unit of ‘objects’ to concentrate on:
a. a part of the body, specially a point between the eyebrows, 

or the area in front of the heart,
b. a sound such as aum, amen, ameen or shalom, a mantra, or 

a neutral sound, such as one,
c. a mental image or a picture of God, the guru, a lotus fl ower, 

a fl ame, or a bright light, or
d. an idea or thought such as peace, love or beauty.
 Although the choice is unlimited, once a choice has been 
made, it is helpful to maintain some constancy. It is not desir-
able to make a new choice too often, because too frequent a 
change prevents developing a bond with the object of concen-
tration. If one concentrates on a sound, it is helpful to synchro-
nize it with the breath. One may vocalize the sound silently 

Fig. 17.4.1B: Three alternative hand positions during meditation. 1. 
Chin mudra. 2. Interlocked fi ngers. 3. One hand cupping the other 
(anjali mudra).

Fig. 17.4.1A: Asanas suitable for 
meditation.
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during each expiration. Or, if it is a group of words, one may 
break the group into two parts. The fi rst part may be said 
silently during inspiration, and the second part during expira-
tion. It is also quite all right to combine the sound with a cor-
responding mental image.
 Concentration helps in two ways. First, and more impor-
tantly, it prevents the mind from straying in various directions. 
Eknath Easwaran uses an analogy to illustrate this point. In 
Kerala there is an annual festival, a prominent feature of which 
is a procession of elephants. As the elephants march through 
narrow streets having shops on either side, they feel tempted 
to pick up coconuts from the shops. The mahout does not want 
his elephant to play such mischief. Therefore, what the mahout 
does is to give his elephant a stick to hold with the trunk. The 
duty-conscious elephant feels that it has been given a job to 
do. It also knows that if it tries to pick up a coconut, the stick 
will fall. To prevent the stick from falling, it does not try to 
pick up the coconut. The role of the object of concentration 
during dharana is comparable to that of the stick. It keeps the 
mind engaged, and the fear of getting disengaged from it helps 
keep other thoughts away from the mind. The second use of 
concentration is related to its emotional signifi cance. It has 
been observed that the physiological responses indicative of 
relaxation are more marked if the concentration is on some-
thing meaningful than on a neutral sound.

Dhyana
During dharana, we fi x our mind on the object or idea of 
choice, repeating it slowly and calmly to ourselves. Although 
the repetition prevents the mind from drifting, it is a proc-
ess which cannot continue for too long. Soon, some thoughts 
related to the object of concentration are likely to enter the 
mind. That is dhyana, or meditation proper. Meditation means 
allowing the mind to dwell on the object of concentration. M.P. 
Pandit has compared this process of development of ideas to 
the fl ow of oil in a wick, little by little, but always confi ned to 
the subject. Just to understand the process, imagine concentrat-
ing on a problem. After some time, a solution to the problem 
may occur in the mind. Concentrating on the problem is dha-
rana, the solution developing in the mind is dhyana. The proc-
ess has been depicted pictorially in Figure 17.4.2.
 Although the process of meditation is simple in principle, 
it is diffi cult in practice. Thoughts, random and unwanted, 
are the greatest and commonest diffi culty during meditation. 
This is a universal diffi culty, which does not disappear com-
pletely even after years of meditation. Therefore do not con-
demn yourself when thoughts disturb you during meditation. 
It happens to everybody. Handle the thought gently, and return 
to meditation. Here are some tips on how the thoughts may be 
handled.

1. Ignore
We may let the mind run on but pay no attention to the thoughts. 
Do not get involved in the thought process. For example, when 
we are walking on the road, we see so many things but pay no 
attention to most of them. In the same way, unwanted thoughts 
can also be ignored. If the thoughts are ignored, they tend to 
fade away. To use Sri Aurobindo’s simile, let the situation be 

like that of birds fl ying through a windless sky. The fl ying birds 
do not affect the serenity of the sky. In the same way, let the 
thoughts pass through the mind without affecting it.

2. Reject
This is a more active method of dealing with thoughts. The 
thoughts are actively stopped before they enter the mind, or 
cut short ruthlessly at the earliest possible stage. Naturally, this 
method is appropriate only for thoughts which are detected as 
soon as they begin.

3. Record
One may keep a sheet of paper and a pencil handy before 
starting meditation. Some of the thoughts passing through the 
mind may be jotted down, rather scribbled, even with the eyes 
closed. This method is appropriate for the thoughts concern-
ing ‘things to be done’. Once such thoughts have been jotted 
down, they are less likely to recur because now we know that 
the tasks will not be forgotten.
 Once the stray thoughts have been handled by any of these, 
or some other methods, one should return to dharana (even if 
the thought occurred during dhyana). Even otherwise, one may 
keep going from dharana to dhyana, and dhyana to dharana as 
and when one is inclined to.

Samadhi
By practising meditation regularly, one may reach a stage 
when the mind or consciousness identifi es itself with the object 
of meditation. This is the beginning of Samadhi. With fur-
ther progress, even the consciousness of the object of medita-
tion may vanish. The mind enters a state of silence in which 
it becomes receptive to a higher power. With the entry of this 
higher power, the mind becomes superconscious. A supercon-
scious mind is not limited by ordinary human consciousness. 
Such a mind overcomes, or transcends, the limitations of the 
ordinary mind. Since meditation takes us in the direction of 
transcendence, it is a transcendental process.
 It is normally suggested that meditation should be for about 
twenty minutes. That is only an approximation. In the begin-
ning, twenty minutes would seem too long, and one may keep 
it shorter. Later, as one starts enjoying it, one may go even 
beyond 20 minutes. In any case, one should not use the bell or 

Fig. 17.4.2: Progressive steps in meditation.
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the alarm of a timer to terminate meditation suddenly. Coming 
out of meditation and returning to other activities should be a 
slow and gentle process.
 The process of meditation may be summarised as follows:
1. Assume the right posture. Close your eyes.
2.  Breathe slowly and deeply.
3.  Gather your thoughts, withdraw from sensory perception.
4.  Concentrate on a chosen thing or set of things.
5.  Let the mind dwell on the object of concentration.
6.  Come out of the meditation gently.

PHYSIOLOGICAL CONSIDERATIONS
As mentioned earlier, Herbert Benson deduced four features 
which are common to most of the meditative techniques. You 
might have noticed that all the four are present also in medita-
tion based on raja yoga outlined above. In physiological terms, 
these features result in:
a. Sensory (afferent) attenuation, i.e. minimal sensory input,
b. Motor (efferent) attenuation, i.e. minimal motor output, and
c. Non-analytic attention, or non-targeted thinking, i.e. mini-

mal cortical activity involving attention to a specifi c object 
or topic.

 The preceding discussion has been summarised in 
Table 17.4.1.

Physiological Effects
The physiological effects of meditation were described by 
Benson’s group as the relaxation response. The components 
of the relaxation response, which may be easily anticipated in 
terms of a shift in autonomic balance in favour of the parasym-
pathetic division, are:
1. decrease in heart rate,
2. decrease in respiratory rate,
3. decrease in oxygen consumption,
4. decrease in blood pressure, if the basal blood pressure is 
high,
5. increase in % time spent in alpha rhythm in EEG,
6. decrease in muscle tension, and
7. decrease in blood lactate level.
 In view of the decrease in oxygen consumption, Wallace, 
Benson and Wilson described meditation as a wakeful 
hypometabolic state. The other physiological hypometabolic 
states are sleep and hibernation. Meditation differs from sleep 
in that the fall in metabolic rate is much greater and more steep. 
Meditation differs from hibernation in that, unlike hibernation, 
there is no fall in rectal temperature during meditation.
 The relaxation response seems to be an inherent biologi-
cal response. Hess had elicited the stress response as well as 
a response resembling relaxation response in cats by elec-
trical stimulation of different areas of the hypothalamus in 
1943. In human beings, the paradox is that while the stress 
response appears automatically with very little provocation, 
it takes some effort (such as meditation) to elicit the relaxa-
tion response. However, once the effort has been made, the 
response itself is involuntary.

 Metabolism is a good indicator of the rate at which we live. 
If meditation slows down metabolism, does it slow down also 
the wear and tear resulting from life processes? In other words, 
one might ask whether meditation slows down the aging proc-
ess. Wallace assessed the biological age of meditators using 
three variables—blood pressure, acuity of hearing, and degree 
of presbyopia. He found that those who had been meditating 
regularly for more than fi ve years were, on an average, bio-
logically twelve years younger than what their chronological 
age would indicate. In other words, a 50-year old who has 
been meditating regularly for more than fi ve years is likely 
to have a body comparable to that of an average 38-year old 
non-meditator.

CONCLUSION
In the modern world, meditation is often looked upon as a 
relaxation technique to be used for treating stress and stress-
related illnesses. While meditation is relaxing, in yoga it has 
a deeper signifi cance. First, it silences the surface activity of 
the mind, thereby allowing the person to look deeper within. 
Instead of groping outside with a torch, the person discovers 
a fl ood of sunlight within which illuminates the deeper and 
higher realities of existence. As Sri Aurobindo says in Savitri:

In moments when the inner lamps are lit
And the life’s cherished guests are left outside,

Our Spirit sits alone and speaks to its gulfs.
 The ‘life’s cherished guests’ are our ego and desires, which 
are the source of the chaotic surface activity of the mind. When 
these are ‘left outside’, i.e. kept aside, the gulf dividing us from 
Spirit within gets bridged. To give an analogy, when the weeds 
are removed, the fl owers can bloom.
 Meditation, to be truly effective, should facilitate bringing 
in the yogic attitude to everyday life. Meditation cannot help 
much if it is used merely as a relaxation technique, leaving the 
rest of life completely unaffected. Twenty minutes of relaxa-
tion cannot compensate fully for day-long tension and turmoil. 
It is only when the calming effect of meditation spills over into 
the rest of the day as a meditative poise that meditation brings 
true relaxation. But to use it only for relaxation is to miss the 
growth of consciousness which it can facilitate. If it is used 
for growth of consciousness, relaxation becomes only a fringe 
benefi t, a welcome side effect.

Table 17.4.1: Characteristic features of meditative 
techniques

Benson’s basic Steps in  Physiological
components raja yoga perspective

Quiet environment Assumed to be Sensory attenuation
 present
Comfortable  Asana Sensory and motor
posture  attenuation
Mental device Dharana Non-analytic    
  attention
Passive attitude Dhyana Non-targeted thinking
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QUESTIONS AND PROBLEMS

1. How is it possible to sit erect without making the body 
tense?

2. Why is sitting erect more comfortable than slouching 
forwards?

3. Is it essential to close one’s eyes during meditation?
4. Which word is best for focussing one’s attention on during 

dharana?

ANSWERS AND SOLUTIONS
1. Contraction of muscles is required for making a move-

ment, not for maintaining any reasonable posture. After 
a movement has been performed to assume the posture, 
the muscles can be relaxed: the posture will still stay 
the same. This is possible because muscle length has a 
variable set point. Within a fairly wide range, the length 
of a muscle in a particular posture can become its resting 
length.

2. The pressure on the intervertebral discs of the lower lumbar 
region is less in the erect posture than when slouching for-
wards (you may use your knowledge of physics to reason 
out why it is so). That is why sitting erect is more comfort-
able than slouching forwards.

3. No, it is not essential but desirable because it makes medi-
tation easier. A seasoned meditator may be able to ignore 
visual input even with the eyes open, but most of us fi nd it 
helpful to close the eyes. However, there are also forms of 
meditation during which the meditator performs walking 
or dancing movements. The essence of meditation is get-
ting absorbed in looking deep and beyond. For this, getting 
oblivious of routine stimuli is important: it does not matter 
how it is achieved.

4. Focussing the mind on something is far more important 
than what it is focussed on. However, focussing the mind on 
a meaningful word is better than on a neutral word. Further, 
if one has special regards and admiration for a particular 
word, and one sticks to it during meditation day after day 
for years, one develops a bond with it which helps in achiev-
ing peace. Most words commonly used for meditation end 
in ‘m’ or ‘n’ and have a humming character. The peaceful 
vibrations generated by the hum are instinctively known to 
every mother, judging by the sounds they use for putting the 
baby to sleep. Certain words or phrases which were ‘seen’ 
(not composed) by ancient rishis are called mantras. They 
are passed on to deserving disciples in a ceremonial fash-
ion. The extraordinarily powerful infl uence attributed to 
the proper use of mantras during meditation is essentially 
beyond the realm of scientifi c exploration.
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17.5
Physiological Effects of 

Yogic Practices

Through the window of science we see the dawn of the age of Enlightenment.
—Maharishi Mahesh Yogi

Since yoga aims at perfection of the body and mind, it is natu-
ral to ask whether the progress towards perfection is reflected 
in objective reproducible changes in physiological variables. 
Besides this simple approach, there are several other aspects of 
yoga which have fascinated, and even provoked, scientists. The 
amazing claims made by some yogis, such as their ability to 
stay underground for long periods, or to stop the heart beat vol-
untarily, have posed a challenge to scientists to either confirm 
or refute these claims conclusively. Further, the claims regard-
ing wide-ranging therapeutic benefits of yoga have prompted 
scientists to examine whether there is a physiological basis for 
such claims.

DIFFICULTIES AND LIMITATIONS
Performing scientific studies on yoga is not easy. First, sincere 
and sustained pursuit of yoga is not very common. Secondly, 
sincere and serious yogis shun the publicity that accompanies 
scientific investigation because, being an ego-boosting exer-
cise, it interferes with their sadhana. Finally, some of the most 
significant changes induced by yoga are either attitudinal and 
hence cannot be examined objectively, or are subjective and 
hence can only be experienced by the yogi. Experiences are 
difficult even to describe in words, leave alone to examine in 
terms of physiological or biochemical variables. In spite of all 
these limitations, several studies have been conducted on the 
physiological effects of yogic practices. But because of these 
limitations, the studies conducted have been far from ideal. 
The studies generally fall in two categories, both with pitfalls 
of their own. One category of studies have been conducted on 
accomplished yogis, but the number of subjects is too small for 
statistical analysis. The second category of studies, far more 
numerous than the first, have been conducted on large num-
bers of students, soldiers or patients. In these studies, yoga 
has generally meant a few weeks of asanas or pranayama or 
meditation, or various combinations of these. Obviously, these 
studies demonstrate only the effect of isolated, half-hearted 
practice of a few yogic techniques. One exception probably 
has been the large number of studies conducted on the effects 

of ‘transcendental meditation’ (TM) by Robert Keith Wallace 
and his colleagues. Similar studies have recently begun on a 
breathing technique, sudarshan kriya (SK). In these studies the 
practice of TM or SK is serious and sustained, but the limi-
tation is that the effects are those of only one yogic practice. 
Studies initiated about ten years ago at Swami Vivekananda 
Yoga Research Foundation, Bangalore, have tried to over-
come these limitations by studying the effects of an integrated 
package of yoga on large numbers of well-motivated subjects. 
However, much of the existing literature is still handicapped by 
the limitations mentioned above. Hence the effects described 
below should be interpreted keeping these limitations in mind. 
It may be presumed, however, that if these limitations did not 
exist, the physiological effects would be more marked, not less.

PHYSIOLOGICAL EFFECTS

Cardiovascular Effects
In general, yogic practices reduce the resting heart rate and 
blood pressure. Further, following these practices, a given level 
of exercise is associated with a smaller rise in the heart rate and 
blood pressure. Regular practice of a combination of asanas for 
3 weeks was found by Dr. W. Selvamurthy and his colleagues 
at Defence Institute of Physiology and Allied Sciences to 
restore baroreflex sensitivity towards normal in patients having 
essential hypertension.

Respiratory Effects
Yogic asanas and pranayama have been shown to reduce the 
resting respiratory rate. Further, they increase the vital capac-
ity, timed vital capacity, maximum voluntary ventilation, 
breath holding time, and maximal inspiratory and expiratory 
pressures. TM has been shown to reduce the resting respira-
tory rate, tidal volume and minute volume. In a study involv-
ing comparison of routine National Defence Academy (NDA) 
training, athletics and yogic exercises, Commander H.S. Nayar 
and his colleagues found that the yogic exercise group showed 
maximum improvement in respiratory function.
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Effect on Metabolic Rate
Prof. B.K. Anand and his colleagues at All India Institute of 
Medical Sciences published in 1961 a classical study on a 
yogi who could spend long periods of time underground. The 
study was performed by keeping him in an airtight box while 
his oxygen consumption and carbon dioxide production were 
measured. It was found that during his stay in the box, the yogi 
could lower his metabolic rate to nearly half his ‘basal’ meta-
bolic rate (Fig. 17.5.1).
  A reduction in oxygen consumption has also been demon-
strated during TM.
 A recent study done at Swami Vivekananda Kendra has 
shown that contrary to expectations, the reduction in oxygen 
consumption following ‘cyclic meditation’ (yoga postures 
interspersed with shavasana) is greater than that following 
shavasana alone.

Effects on the Nervous System
Prof. B.K. Anand and his colleagues observed a preponderance 
of alpha waves in the EEG of yogis, indicating a more relaxed 
state of mind. However, it might be argued that people with 
a higher alpha activity are attracted to yogic practices. Hence 
the observation may not reflect an ‘effect’ of yoga. Further, it 
was observed that sensory stimuli, such as a loud bang or an 
ice cold/hot object, which normally block the alpha rhythm, 
could not do so in yogis during meditation (Fig. 17.5.2). This 
indicates that the yogis do not get easily distracted by sensory 
stimuli while they are meditating.
  Power spectral analysis of 24-hour EEG in those who have 
been practising TM has shown an increase in the alpha/delta 
power and a decrease in the beta/alpha power. The increase 
in alpha/delta power indicates reduction in time spent sleep-
ing. The decrease in beta/alpha power indicates a more relaxed 
mind during the awake period. Further, it was found that there 
was a better balance and synchrony in the EEG recorded from 
the left and right side, and from the frontal and occipital leads. 
This has been interpreted to indicate enhanced creativity, but 
that is open to question.
  Comparable results were obtained in a recent study by 
Dr. Shirley Telles and her colleagues at Swami Vivekananda 
Yoga Research Foundation in which they found that during 
meditation there was significant reduction in heart rate but an 
increase in cutaneous peripheral vascular resistance, indicating 
a physio logically relaxed state but increased mental alertness.
  Some recent studies have shown that unilateral forced nos-
tril breathing (UFNB) affects cerebral hemispherical domi-
nance. Left-sided UFNB leads to right-hemisphere dominance 
and improves spatial skills. On the other hand, right-sided 
UFNB induces left-hemisphere dominance and increases 
verbal skills. These studies have made use of newer techniques 
of measuring cerebral blood flow or neuronal activity. Such 
techniques have also shown the pattern of cerebral blood flow 
to be different during meditation as compared to the resting 
phase of the normal awake state.
  Studies on autonomic functions indicate that yogic prac-
tices, in general, bring about a tilt towards parasym pathetic 
dominance. While this is the overall effect of long-term 
practice of a combination of asanas, pranayama and medita-
tion, individual practices may act differently. For example, 

kapalabhati (rapid breathing) reduces vagal efferent activity 
to the heart. On the subject of voluntary control of autonomic 
functions, Dr. B.K. Anand and his colleagues conducted stud-
ies on a few yogis who thought they could stop the heart at 
will. Only one of them could voluntarily slow down the heart 
rate and even achieve a disappearance of P-wave in the EKG 
for as long as 16 cycles (Fig. 17.5.3). The others performed 
Valsalva’s maneuver, as a result of which the pulse became 
impalpable but the heart continued to beat.
 In a recent study by Herbert Benson’s group on Chinese 
TaiChi and Kundalini yoga meditation it was observed that the 
amplitude of heart rate oscillations was greater during medita-
tion than before meditation as well as in non-meditational con-
trol groups. This finding challenges the notion of meditation 
being only an autonomically quiescent state.
 Galvanic skin response (GSR), also called electro dermal 
response (EDR) has frequently been used in studies on auto-
nomic function. Sympathetic activity following an alerting 
stimulus, e.g. a sudden loud sound, leads to palmar sweating. 

Fig. 17.5.1: Three pioneers in research on physiological effects of 
yoga. From left to right: Prof. BK Anand, Prof. Baldev Singh and 
Prof. GS Chhina.

Fig. 17.5.2: EEG of a yogi before meditation and during meditation. 
Auditory, vibratory and thermal stimuli block the alpha rhythm when 
he is not in meditation. No blockage of the alpha rhythm occurs when 
he is in meditation. (Courtesy: Department of Physiology, All India 
Institute of Medical Sciences, New Delhi.
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Sweat, being a good conductor, leads to a fall in the electrical 
resistance of the skin. The response is seen within seconds of 
the stimulus and is over within half a minute. The magnitude of 
the response is considered an indicator of sympathetic reactiv-
ity. It has been shown that those who practise TM have fewer 
spontaneous GSRs than non-meditating controls, indicating 
lower reactivity to stressful stimuli. This was confirmed when 
the subjects were exposed to a series of auditory stresses (loud 
sounds). As compared to non-meditators, the meditators got 
habituated to the stimuli faster, and their GSRs were smoother. 
The results indicate lower reactivity and greater stability of the 
sympathetic nervous system in meditators. In a recent study 
done at Swami Vivekananda Kendra, mental repetition of 
‘Om’, a meaningful symbol, led to a reduction in skin resist-
ance whereas there was no change during repetition of a neu-
tral syllable or during non-targeted thinking.
  Some recent studies by Dr. Shirley Telles and her col-
leagues are also worth mentioning. Practising asanas, pra-
nayama, meditation and tratakas, and attending devotional 
sessions for 10 days led to a significant improvement in fine 
coordinated movements. Similar practices for a month led to 
a reduction in the degree of optical illusion created by Muller-
Lyer lines (Fig. 17.5.4). The same group of workers also found 
a combination of yogasanas to raise the critical fusion fre-
quency (CFF). Apart from better neural performance, higher 
CFF indicates reduced fatigue and stress level.

Endocrine and Metabolic Effects
Yogic practices have been shown to reduce baseline and aver-
age glucocorticoid levels. But the glucocorticoid response to 
an acute challenge is enhanced. These findings indicate a lower 
level of stress and an enhanced capacity to cope up with a chal-
lenge. Certain asanas and also TM have been shown to reduce 
the fasting blood glucose and serum cholesterol levels. These 
are favourable biochemical indicators suggesting reduced risk 
of diabetes and atherosclerosis. A recent study has shown night 

plasma melatonin levels to be higher immediately following 
meditation as compared with those at the same time on a con-
trol night. Higher melatonin levels might be one mechanism 
through which the claimed health-promoting effects of medita-
tion occur.

MECHANISMS UNDERLYING THE EFFECTS
The mechanisms underlying many of the physiological effects 
are not well understood. Sometimes, it is difficult even to 
determine what can be termed a mechanism. For example, the 
higher alpha index in the EEG may be considered the ‘mecha-
nism’ underlying the calm disposi tion of yogis. But it may be 
argued quite correctly that higher alpha index is also an effect, 
with the only differ ence that it is an effect observed only in 
the labo ratory whereas calm disposition is an effect which may 
be observed anywhere because it needs no equipment. On the 
other hand, there are ‘mechanisms’ in search of an effect. For 
example, it has been shown by positron emis sion tomography 
(PET) that yoga nidra (yogic ‘sleep’)—a guided meditative 
technique—increases cere bral blood flow in the sensory and 
association cortices in the poste rior parts of the brain. In con-
trast, in the normal resting state, there is high cerebral blood 
flow in the frontal lobe, basal ganglia, thalamus and cerebel-
lum. What effect the difference in regional blood flow explains, 
and why, is diffi cult to elaborate upon on the basis of known 
physiology.
 The effects of asanas to increase the strength and effi-
ciency of muscles and to improve the flexibility of the body 
is similar to that of other physical exercises and needs no spe-
cial explanation. However, the improvement in cardiorespira-
tory function may seem out of proportion to the intensity of 
the yogic exercises. This may be because in yogasanas the 
regulation of breathing may lead to great changes in thoracic 
or abdominal pressure, although the intensity of exercise in 
terms of energy expenditure is not very high. Hence the degree 
of stimulation of cardiorespiratory reflexes may be compara-
ble to that during intense exercise. It is a well-known dictum 
that frequent use of a physiological process strengthens it. 
This dictum may apply also to these reflexes. That may be the 
mechanism by which regular practice of a few selected asanas 
restores the normal sensitivity of baroreflexes in hypertensive 
patients.

Fig. 17.5.3: One attempt by a yogi to slow the heart. Sequential 
portions of the recording of EKG (lead II) are shown. The P-wave 
disappeared and remained absent for 16 cardiac cycles (1-16). The 
longest cycle length (2-3) was 3 seconds, corresponding to a heart 
rate of 20 per minute.

Fig. 17.5.4: Muller-Lyer lines. Although A and B are equal in length, 
B appears longer.
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 A shift in autonomic balance towards parasympathetic 
dominance may explain the reduction in heart rate, fall in 
blood pressure and improvement in gastrointestinal function. 
The increased glucocorticoid secretion in response to an acute 
challenge may explain the improved ability to cope up with 
stress. The physical exercise, dietary changes, and stress reduc-
tion associated with yogic practices may explain the fall in 
fasting plasma glucose and serum cholesterol levels.

CONCLUSION
It would be surprising if a discipline involving the body as 
well as mind, and aiming at a total transformation of both, did 
not affect various physiological variables. Further research 
is likely to reveal more and more effects, and hopefully, also 
their mechanisms. However, the effects on the mind are likely 
to remain enigmatic due to limitations of the tools available 
to science. For example, these tools are unsuitable for dem-
onstrating a change in the level of consciousness. But it is 
being increasingly accepted that human consciousness can be 
expanded, deepened and elevated. And, it is also now consid-
ered possible that a change in the level of consciousness may 
affect cellular function at molecular level.

QUESTIONS AND PROBLEMS
1. Does yoga induce permanent changes in the brain?
2. What are the possibilities and limitations of research on 

consciousness?

ANSWERS AND SOLUTIONS
1. The classical image evoked by the brain is that of a robust 

structure made up of a set of neurons of which neither the 
number, nor the connections or neurotransmitters can be 
altered, except in disease. In view of this image, several 
studies on the relationship between yoga and the brain have 
concentrated on investigating the regions or circuits which 
show a change of activity during various yogic practices. 
But this image is no longer valid. Recent studies indicate 
that while the broad outline of neural connections is geneti-
cally determined, finer details are mutable, and are influ-
enced by various factors. Further, besides connections, 
the efficacy of synaptic transmission and neurotransmitter 
profile are also subject to change. This flexibility in neural 
structure and function is called neural plasticity. Besides 
developmental and regeneration-related plasticity, there is 
also experience-related plasticity. Yogic practices involve 
unique sensory, motor and learning experiences. Therefore 
it is reasonable to assume that, as in other types of sensory-
motor experiences and learning, the changes associated 
with yoga would also involve synaptic plasticity as well as 
altered connectivity of neurons.

2. Consciousness, in physiology, means awareness of a sen-
sory stimulus. The ascending sensory pathways as well as 

the representation of various parts of the body in the soma-
tosensory cortex had been worked out by classical neuro-
anatomical and neurophysiological techniques quite some 
time back. The neuronal organization associated with per-
ception of different sensory modalities and sub-modalities 
is also known in considerable detail now. The neuronal net-
works responsible for cognition have recently been unrav-
elled also in the normal living human brain using techniques 
such as positron emission tomography (PET) and functional 
magnetic resonance imaging (fMRI). Functional MRI sys-
tems currently in use give a spatial resolution of about 2 
mm. Further improvements are imminent, and a resolution 
of 0.5 mm seems to be within reach. But what all these tech-
niques tell us is more and more accurately the regions of the 
brain which show a change in activity when some cognitive 
event takes place. But we are still far from understanding 
how exactly feeble electrical impulses and regulated release 
of neurotransmitters and neuromodulators are transformed, 
into subjective experiences, like a beautiful red rose, or 
sweet soothing music. Whether we ever will understand it 
is a matter of debate. There are scientists, such as Francis 
Crick, and philosophers such as Daniel Dennett, who feel all 
mental events are the results of neuronal activity.1 It is only 
a matter of time, they believe, that a day will come when we 
will know enough about neuronal function to understand 
how physicochemical events can generate subjective feel-
ings. But there are others, particularly philosophers, such as 
Colin McGinn, who believe that consciousness is not ame-
nable to empirical study. The basic problem, as pointed out 
by Searle, is that we do not have even a theoretical model of 
how objective phenomena, such as electrical activity of neu-
rons, can give rise to a subjective experience. Subjectivity is 
irreducible, whereas science, as it is currently practiced, has 
a reductionist approach. However, most neurobiologists are 
prepared to wait for the larger picture to emerge, and are at 
present content to know more and more about the specific 
neuronal events associated with well-defined mental events. 
Neurochemistry has added another hopeful dimension to 
this approach by showing that specific neurotransmitters, 
such as dopamine or serotonin, are associated with predict-
able alterations in mood or states of alertness.2

 A source of confusion in discussions on consciousness is 
that biological and spiritual literature use the same word 
for entirely different concepts. In biology, consciousness 
approximates awareness. In spirituality, Consciousness 
(spelt with capital C) is used as an equivalent of the Absolute. 
In that sense, the entire universe is a manifestation of the 
supreme Consciousness. In matter, the Consciousness, 
is dormant; in animals, a bit of the Consciousness is 
expressed; and in man, a little of it more is expressed.3 
Yoga is an effort at elevating human consciousness towards 
Consciousness. The journey of yoga, for which a whole 
lifetime is usually grossly inadequate, and the mighty evo-
lutionary urge, are both merely about converting the small c 
into the capital C.

1 Crick F. The Astonishing Hypothesis: The scientific search for the soul. London: Touchstone Books, 1995.
2 Kandel ER. From nerve cells to cognition: the internal cellular representation required for perception and action. In: Kandel ER, Schwartz JH, Jessell 
TM (editors). Principles of Neural Science. New York: McGraw-Hill, 4th edition, 2000: 381-403.
3 Sri Aurobindo. The Life Divine. Pondicherry: Sri Aurobindo Ashram, 5th Edition, 1970.



17.6
Yoga in Health

and Disease

Today yoga attracts people primarily as an easy way to good 
health. But yoga is neither easy, nor was it designed primarily 
for health. The fact that yogis are generally in good health is 
because the yogic lifestyle includes physical activity, a bal-
anced diet and mental peace - all ingredients for good health. 
But health is a by product of yoga, not its goal.

YOGA AS TREATMENT
Till recently, in modern medicine yoga was considered adjunct 
therapy borrowed from an alien system. But during the last 
few decades, yoga has got incorporated into modern medicine 
itself. The integration has been the result of several convergent 
developments. First, the diseases of modern civilization such 
as obesity, hyper tension, coronary artery disease and diabetes 
are rooted in a faulty lifestyle. This realization stimulated the 
search for good lifestyles. Yoga is one of the best lifestyles ever 
devised by mankind. Second, psychological stress is a major 
contributor to the diseases of modern civilization. This discov-
ery stimulated the search for strategies for overcoming stress. 
Yoga provides a new way of looking at life. Hence, everything 
remaining the same, the person starts feeling better. A method 
based not on changing the circumstances but on changing our 
attitude to circums tances is potentially infallible. Finally, the 
emergence of psychoneuroimmunology (PNI) has provided 
a solid scientifi c foundation for the mind-body relationship. 
While stress, anger and hostility or relaxation, peace, love and 
intimacy may be diffi cult to measure, their effects on cytokine 
levels or NK cell activity can be quantifi ed. Science demands 
quantifi able evidence. By providing evidence for the effect 
of emotions on quantifi able biolo gical features of great rele-
vance to health and disease, PNI has acted as a bridge between 
ancient wisdom and modern science. The evidence generated 
by PNI has made modern medicine accept relaxation, peace, 
love, hope and joy as therapeutic tools. That is how systems 
like yoga which promote positive feelings have also become a 
part of scientifi c medicine.
 Mind-body medicine has now come of age, and yoga is a 
potent instrument for infl uencing the mind positively. But our 

consciousness being rooted in the physical, yoga is still con-
sidered most useful where the yogic postures and diet play a 
major role in recovery. Based on this traditional thinking, given 
below is a list of diseases for which yoga is most frequently 
used in modern medicine.

Orthopaedic Problems
Yogasanas have been used for orthopaedic problems such as 
cervical spondylosis and backache, which would benefi t from 
strengthening of specifi c groups of muscles or from improve-
ment of posture. Asanas for relaxation have been used for con-
ditions requiring relief from muscle spasm.

Hypertension
Meditation has been shown to reduce systolic and diastolic 
blood pressure of hypertensive patients in several studies.

Coronary heart disease
Dean Ornish and his colleagues reported in 1990 that long term 
changes in lifestyle involving yogic exercises, stress-reduction 
techniques and fat-free vegetarian diet led to angiographically-
demonstrable reduction in coronary stenosis in patients having 
coronary heart disease. Following this report there have been 
other similar studies with comparable results.

Diabetes Mellitus
Yoga has also been widely recommended for diabetes. Some 
of the earliest studies on the subject are those of Sahay and his 
colleagues. They deliberately dissected yoga into small com-
ponents and studied each separately. Among the alternatives 
which reduced fasting and postprandial blood glucose were 
Pranayama, dhanurasana + ardhamatsyendrasana, halasana 
+ vajrasana, and naukasana + bhujangasana. Further analy-
sis revealed that dhanurasana was the most effective asana for 
diabetes. A combination of mudra and salabhasana was inef-
fective, and actually produced a non-signifi cant rise in fast-
ing blood glucose in their study on 5 subjects. This part of the 
study has often been cited as evidence for mudra and salabhas-
ana being harmful for diabetes. The small number of subjects, 

Yoga is not a quick fi x for health, but it may hold surprises for those who are willing to make the effort. 
—Kelly Morris
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and the statistically non-signifi cant rise in blood glucose, make 
such a conclusion unwarranted. That is why it is important to 
read research reports critically.
 Following Sahay’s studies there have also been some other 
studies indicating that yogic exercises and relaxation improve 
glycaemic control in diabetes, specially if the pretreatment 
fasting blood glucose is less than 250 mg/dL.

Bronchial Asthma
Dr. Nagendra and Dr. Nagarathna from the Vivekananda 
Kendra Yoga Research Foundation, Bangalore, have conducted 
controlled trials on large series of patients having bronchial 
asthma. Their studies indicate that a 2 to 4 week course in the 
theory of yoga and selected yogic practices reduces the fre-
quency of asthmatic attacks, reduces the requirement for medi-
cation, and increases the peak expiratory fl ow rate.

Psychological Disorders
People, specially in India, have prevented and treated psycho-
logical disturbances for centuries using some aspects of yoga of 
the Gita. But yoga has also been used professionally for stress 
reduction as well as for treatment of psychological disorders.
 For stress reduction, shavasana, meditation and adoption 
of a yogic attitude are particularly helfpful. Other asanas and 
pranayama can also contribute to mental relaxation. The basic 
attitudes to be transmitted by the counsellor to the client are:
a. Happiness is conducive to recovery.
b. Happiness does not depend on external circumstances.
c. Opening oneself to a higher Will can achieve the apparently 

impossible.
d. Illness can be an opportunity for spiritual growth
 For treatment of psychiatric disorders, the yogic technique 
resembles other forms of counselling in that its basic principles 
also are:
a. to give the patient a better insight into the problem, and
b. to use this knowledge for recovery.
 But yogic therapy differs in that the insight is not based 
on the ego of the person but on his spiritual Self. Secondly, 
the control acquired by the patient does not consist predomi-
nantly of efforts to change circumstances and to change others. 
Instead, the patient tries to change his way of looking at cir-
cumstances and people. In other words, the patient, instead of 
learning to control circumstances, learns how to gain liberation 
from circumstances. This approach works very well because 
our ability to change circumstances and people is very limited. 
On the other hand, the freedom to look at things the way we 
like is unlimited, and nobody can take it away from us. This 
approach is recognized also by modern psychology as a valid 
approach and is called cognitive reappraisal. Thus the differ-
ence between approaches favoured by yoga and by modern 
psychology is one of degree rather than kind. Using yoga as 
applied psychology is useful not only in the management of 
psychological disorders but also where a psychological prob-
lem manifests as a physical disorder, such as insomnia, tension 
headache or irritable bowel.
 It is interesting that some psychiatrists like Dr. M. Scott 
Peck, trained primarily in modern scientifi c medicine, have 

fi nally arrived at the conclusion that a psychological problem 
can be treated best by helping the patient grow spiritually.

HOW DOES YOGA WORK?
Although yoga works, we do not always know how it works. 
The mystery may be partly because yoga also utilizes the heal-
ing power of positive emotions. The mind-body relationship 
is now widely accepted, and there is considerable objective 
evidence supporting it. But positive emotions often cannot 
be quantifi ed, and their specifi c contribution to amelioration 
of disease cannot always be demonstrated in physiological or 
biochemical terms. One exception to this general statement 
is the strong evidence that has been collected in favour of the 
effect of emotions on immunocompetence. The evidence has 
been collected from human studies, animal studies, as well 
as studies at cellular level. The underlying mechanisms have 
also been worked out to a remarkable degree. The result is that 
now the nervous system, endocrine system and immune system 
are considered an intimately interlinked supersystem. Cells in 
all the three systems secrete many chemicals in common, and 
each of the three systems has receptors for chemicals secreted 
by the other two. Effect of emotions on immune functions 
explains the favourable effect of positive emotions not only on 
infections, autoimmune diseases and allergies, but also cancer, 
atherosclerosis and diabetes because these diseases have also 
been shown to have immunological components in their etiol-
ogy. Some of the more obvious explanations for the therapeutic 
effects of yoga are given below.
  The favourable effects of yoga in orthopaedic problems are 
simple to explain. For example, asanas which streng then back 
muscles understandably relieve backache. Increase in fl ex-
ibility and decrease in body weight resulting from the asanas 
ameliorate pain in knee joints.
 Loss of weight and physical exercise also improve glucose 
tolerance, which in turn helps diabetes. Some dietary changes, 
and stress reduction, often associated with yoga, may also con-
tribute to the improvement in glucose tolerance. Similar factors 
also contribute to the favourable infl uence on coronary heart 
disease.
 In essential hypertension the baroreflex sensitivity is 
reduced. It has been shown by Selvamurthy and his colleagues 
that a set of selected asanas return this sensitivity towards 
normal. Associated with the return of barorefl ex sensitivity is a 
fall in blood pressure towards normal.
 Stress reduction and the favourable effect of positive emo-
tions on the immune response possibly contribute to the ben-
efi cial results of yoga in bronchial asthma. In addition, asthma 
also benefi ts from the effects of yogic exercises on respiratory 
function.

A WIDER ROLE
How much role yoga has in health and disease depends on 
what one understands by yoga, and what one expects. If yoga 
is viewed comprehensively as a foundation of peace and joy, 
it has extensive, and potentially all-pervasive, applications 
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in medicine ranging from primary prevention to care of the ter-
minally ill.

Prevention
A person whose daily life is based on yoga (Chapter 17.2) eats 
only what is good for the body and in the right amount, takes 
regular exercise, sleeps well for the right duration, and enjoys 
profound equanimity. He keeps away from smoking and other 
harmful practices because they do not tempt him. Therefore, 
on one hand, he does not challenge his body unduly, and on 
the other, he is doing everything physical and emotional to 
strengthen the capacity of the body to fi ght disease. Hence he is 
unlikely to fall ill.

Self-healing
If illness does occur, a person practising yoga is likely to 
recover fast with minimal external assistance because his self-
healing mechanisms are in very good shape. Self-healing is 
not confi ned to self-limiting acute infectious diseases such as 
common cold. It has now been shown to occur even in cancer 
and chronic degenerative diseases such as coronary heart 
disease.
 In the course of treating cancer patients, Bernie Siegel, a 
cancer surgeon, realized that a few patients who defi ed all sta-
tistics and went on to live far beyond anybody’s expectations 
were neither cases of wrong diagnosis nor random miracles but 
had a consistent personality profi le. These exceptional patients 
had immense love for their fellow beings, were peaceful by 
disposition, and had the courage to face their diagnosis posi-
tively. They had accepted their fate gracefully, and decided to 
use what remained of their life creatively and meaningfully, 
taking care to do things they had always wanted to do but 
somehow had not got down to doing. Interestingly, in case of 
such patients not only what remained of their life became more 
meaningful, the remainder also got longer. Further, Bernie 
Siegel found that while to some patients such behaviour came 
naturally, many more could be infl uenced in that direction, and 
the change seemed to help heal their disease, and more impor-
tantly, their life. The explanation resides in psychoneuroimmu-
nology. It is well-known that in infectious diseases, even after 
an appropriate antibiotic has been used, the very last germ in 
the body is eliminated only by the immune system. Similarly, 
in case of cancer, the immune system fi rstly plays a role in pre-
vention by weeding out cancer cells at early stages of develop-
ment through immunological surveillance. Secondly, if there 
is a cancer which has been tackled by surgery, irradiation and 
chemotherapy, a few cancer cells are invariably lurking some-
where in the body (minimal residual disease). These cells can 
be eliminated only by the immune system. The strengthening 
of the immune system by positive emotions seems to facilitate 
this process.
 After a few preliminary studies which were received with 
scepticism, Dean Ornish fi nally made headlines when he pub-
lished the results of a one-year follow-up of patients having 
coronary heart disease who had partici pated in a randomized 
controlled trial of a lifestyle modi fi  cation programme. This was 
the fi rst study in which it was shown that lifestyle modifi cation 
could lead to angiographically detectable reduction in coronary 

stenosis. It might be argued that lifestyle modifi cation includes 
physical measures such as dietary restriction, physical exercise 
and giving up smoking. But Dean Ornish’s programme was 
based on principles of yoga, and his aim was that the patient 
should adopt these physical measures because he wants to, not 
because he has to. That is where the psychological element 
of yoga comes in. The fact that the psychological element is 
important is suggested by the fact that there have been a few 
studies in which physical measures have been prescribed to 
patients without paying any attention to their psychology. In 
some such studies, the patients who did exactly what they were 
told got worse; in fact, the patients who took a few liberties 
here and there fared better. The reason seems to be that if a 
patient eats fruits and vegetables while his mind is dwelling 
on omlettes and cutlets, the stress caused by missing the ‘del-
icacies’ does more harm than the good resulting from eating 
right. With the yogic attitude, the spartan lifestyle becomes, 
in itself, a fountain of joy rather than an ordeal to be tolerated 
for the sake of recovery from disease. The disease assumes the 
character of a turning point which gives the patient an oppor-
tunity to get introduced to a lifestyle far more enjoyable than 
any he had imagined possible. That is why patients in Dean 
Ornish’s programme did better than in those in which physi-
cal measures were prescribed in isolation. In Dean Ornish’s 
programme, the yogic attitude was reinforced by meditation 
and group support; the other psychological approaches used 
in his programme were imagery and autosuggestion. That is 
why Dean Ornish prefers to call his programme ‘Open Your 
Heart’ programme: the patient is encouraged to open his heart 
to himself, to his fellow beings, and to a Higher force. In short, 
the psychological consequences of yoga not only promote self-
healing by themselves, they also promote cheerful acceptance 
of the physical measures conducive to healing. This approach 
has relevance to a wide variety of chronic illnesses, specially 
obsesity, diabetes and bronchial asthma.

Relief of Symptoms
The impact of psychological changes brought about by yoga 
extends also to unpleasant symptoms such as pain. Pain is 
the commonest symptom of disease. Norman Cousins found 
through his own experience that ten minutes of laughter gave 
him freedom from pain for two hours. In view of recent knowl-
edge, this seems to be due to release of endorphins in the brain. 
Endorphins are released not only by laughter but also by exer-
cise and meditation. This is much better than pain killers given 
by the doctor as pills or injections. The comparison has been 
made very vividly and philosophically by Dr. Deepak Chopra 
when he says that the chemicals, such as pain killers, released 
in the body represent an enormous amount of intelligence, or 
know-how. The chemical is released at just the right place, in 
just the right amount, and is associated with a synchronized 
increase in the number of receptors for the chemical only in 
the cells where its action is desired. In contrast, a drug injected 
by the doctor, even when similar to the endogenous chemi-
cal, is usually administered in much larger doses, circulates 
all over the body, and acts indiscriminately everywhere. While 
the endogenous chemical is part of an orchestra, and sings a 
melodious tune to a receptive audience, the drug shouts at all 
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cells of the body. The result is that while there may be relief 
of symptoms due to some action at appropriate sites, there are 
also several undesirable side effects due to action at inappropri-
ate sites. The overall conclusion arrived at by Deepak Chopra 
is that the best pharmacy resides within the body.

Absence of Misery
We have seen above that the salubrious psychological effects 
of yoga reduce the possibility of illness. However, if illness 
does occur, the same psychological effects assist self-healing 
and relieve symptoms. No wonder, yogis do not fall ill very 
often, and usually live long. However, there is still no guaran-
tee that a yogi cannot get an incurable or painful disease. What 
yoga does guarantee is that even when affl icted with an incura-
ble or painful disease, the person is not miserable. The freedom 
to refuse to be miserable is one freedom that nobody can take 
away from us. And yoga gives us that freedom by enabling us 
to look at events in a new light.
 Thus yoga reduces the possibility of falling ill. If illness 
does occur, it promotes recovery and minimizes symptoms. If 
even that fails, as it sometimes must, the person is not miser-
able, no matter what. Can anybody dare ask for more?

CONCLUSION
The term ‘yoga’, as commonly applied in medicine, is a misno-
mer. It is frequently used for referring to only a few techniques 
such as asanas, pranayama and medi tation. Techniques are a 
part-time activity without any obligatory infl uence on the rest 
of daily life. On the other hand, yoga is a full-time spiritual 
quest which should infl uence the motive and quality of every 
activity performed in the course of the day. A typical report on 
medical effects of yoga runs somewhat like this: ‘10 patients 
having high blood pressure were trained in yoga (20 asanas, 
pranayama and meditation) for 1 hour per day for 1 week and 
asked to continue the practices at home. After 6 months their 
blood pressure showed a signifi cant fall.’ Yoga is a discipline 
into which aspiring individuals are inducted, not trained. Yoga 
is not synonymous with asanas, pranayama and meditation. 
Yoga is not a part-time activity needing only 1 hour per day. 
Progress in yoga cannot be measured in terms of a fall in blood 

pressure. There is one important conclusion, however, which 
may be drawn from such research studies. If so little performed 
so half-heartedly can do some good, how much more might 
possibly be accom plished if yoga became a way of life.

QUESTION AND PROBLEM
1. Why is it necessary to bring yoga, or any spiritual disci-

pline, into the treatment of lifestyle diseases? Is it not 
enough to advise the right diet, adequate physical activity, 
quitting smoking, and meditation or any other relaxation 
technique?

ANSWER AND SOLUTION
1. The reason why bringing in a spiritual discipline helps is 

that doing so is likely to transform the patient’s attitude 
to life. Along with the physical performance or renuncia-
tion of something, the spirit in which it is done also counts. 
For example, physical exercise can be done in at least two 
ways – one, out of fear of disease and death; and two, as an 
enjoyable activity. Similarly, a desirable diet can be eaten 
in at least two ways – one, with the mind dwelling on the 
forbidden foods; and two, liking what one is eating better 
than the alternatives. Finally, smoking may be given up out 
of fear of cancer, or because one no longer feels the need to 
smoke. In short, each of these entirely desirable practices 
can be a source of stress or a fountain of joy. Further, if 
adhering to the dietary and other lifestyle prescriptions has 
added to the stresses of an already stressful life, mechanical 
performance of meditation for twenty minutes a day cannot 
help much. Hence what is needed is an all-encompassing 
transformation so that the individual is thrilled by the dis-
covery of a new way of living which he had earlier not even 
imagined. That makes a tremendous difference because the 
harm caused by stress may far exceed the benefi t gained 
from a strict but grudging adherence to the prescriptions. 
This is not just conjecture or common sense: it is supported 
by several studies – basic and clinical. The yogic attitude 
makes desirable activities enjoyable by taking away the 
preoccupation with sensory pleasures.
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What Every Doctor Should Know but 
does not Learn in Medical School*

The hundred year period (ca. 1850-1950) was a period of spec-
tacular achievements in medical sciences. It was during this 
period that the ‘microbe hunters’ demonstrated, one by one, 
the organisms responsible for the most dreaded communicable 
diseases, as also discovered the vaccines or antibiotics which 
could control them. During the very same period were discov-
ered all the major micronutrients, and in them were found the 
specifi c keys to cure scurvy, beriberi and pellagra. Finally, the 
same period saw the discovery of insulin and other hormones 
which could provide effective and rational treatment for some 
enigmatic diseases. These achievements had an overwhelm-
ing, almost intoxicating, effect on medical scientists. It seemed 
that the body could be treated like a mathematical proposition. 
Diseases were the result of entry into the body of something 
undesirable, or absence in the body of something desirable. All 
what medical science had to do was to fi nd in each case the 
agent responsible, and provide either an appropriate antidote or 
the right replacement. The complacency, however, did not last 
long. It was soon realized that besides the agent, the host and 
environment also played a pivotal role in the natural history 
of disease. The attention therefore was no longer concentrated 
on the agent, but was shared also by the host resistance, and 
the environment – both physical and biological. This paved the 
way for public health and community medicine. These devel-
opments were admirable in that they overcame the tendency to 
look at the patient as a diseased organ or a defective molecule, 
and placed him in the right perspective as an integral part of 
an interdependent ecosystem. However, even the concepts or 
community medicine did not question or challenge the mecha-
nistic model of biological systems, which was given to modern 
science by Rene Descartes in the seventeenth century. But 
some developments during the last 50 years have now matured 
to a stage where the mechanistic model is itself facing a serious 
challenge. An interesting way to get a glimpse into the devel-
opments which are likely to change radically the way medicine 
will be practiced in the near future is to take a look at the life 
and works of some of the individuals who have ushered in the 
revolution. 

Norman Cousins
In 1964, Norman Cousins, a highly educated, intelligent and 
wise man, but not a doctor, got a serious collagen disease, 

ankylosing spondylitis. The disease was serious, and his doc-
tors told him that only one in fi ve hundred patients recover 
fully from it. The disease was also painful, and at one point, he 
was receiving in the hospital 26 tablets of aspirin and twelve 
tablets of phenylbutazone a day. On reading up about his dis-
ease and the drugs he was taking, he came across a few dis-
turbing facts. First, the pain killers exhaust the adrenal glands. 
Second, adrenals are a store house of vitamin C. Third, vitamin 
C is important for the synthesis of collagen and other chemi-
cals in the connective tissue. Finally, patients having collagen 
disease get defi cient in vitamin C, possibly because the body 
uses up large amounts of vitamin C in the process of combat-
ing the disease. Putting these facts together, he suspected that 
pain killers, while giving him some symptomatic relief, were 
actually depleting his capacity to combat the disease. Vitamin 
C might do him much more good than pain killers, he argued.
 Another factor, which Norman Cousins had a hunch, was 
important to his illness was his trip to Russia (then USSR) 
shortly before he fell sick. He had gone there as chairman of an 
American delegation to consider cultural exchange. During the 
meetings, paper work had given him late nights. The last night 
there was particularly strenuous. After making it just in time 
to the airport and boarding an overcrowded plane, he had had 
more than 24 hours without proper sleep by the time he reached 
USA. A week later he was hospitalized. In the 1960s, psychone-
uroimmunology was still in its infancy, but some hints were 
available to Norman Cousins from Hans Selye’s work. Could 
emotional stress have exhausted his adrenals and deranged his 
immune system, Cousins wondered. If so, that might have con-
tributed to his ankylosing spondylitis, an autoimmune disease. 
Based on this hunch, Cousins asked an apparently simple but 
ingenious question – if negative emotions affect the body nega-
tively, can positive emotions not affect it positively? Based on 
the assumption that mind-body relationship could work both 
ways, and the age-old adage “laughter is the best medicine”, 
Norman Cousins had a talk with his doctor.
 With the permission of his doctor, Norman Cousins shifted 
from the hospital to a hotel, which he found both more comfort-
able and less expensive. In the hotel, he stopped all pain killers, 
and instead started taking vitamin C and watching comedies on 
the video to make himself laugh. He discovered that ten min-
utes of laughter gave him at least two hours of pain-free sleep 

* An earlier version of this essay was published in the magazine of the student's Union of the All India Institute of Medical Sciences, Hybrid Hues, in 
2002, and an expanded version has appeared in New Approaches to Medicine and Health (NAMAH) 2003; 11(1): 28-40.
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(possibly due to release of endorphins!). Further, each episode 
of laughter brought down the erythrocyte sedimentation rate by 
at least fi ve points: the fall was sustained, and cumulative.
 Based on his experiences, Norman Cousins wrote a book, 
Anatomy of an Illness, which has now become a classic. His 
book stimulated much research, which has now emerged as the 
fi eld of psychoneuroimmunology.

Herbert Benson
In the 1960s, Maharishi Mahesh Yogi made vigorous efforts to 
popularize a meditative technique, which he called transcen-
dental meditation (TM). Realizing that we live in the age of 
science, he was very keen on getting some studies done on the 
physiological effects of TM, which, he was confi dent, would 
be favourable. In today’s environment, scientifi c validation of 
a practice can enhance its credibility enormously. With this in 
view, in 1968, practitioners of TM went to Herbert Benson’s 
laboratory at the Harvard Medical School, and requested that 
their ability to lower the blood pressure through TM may 
kindly be studied in the laboratory. After initial reluctance, the 
scientists fi nally relented. The result was a series of classical 
studies which led to the description of the relaxation response 
and identifi cation of meditation as a unique hypometabolic 
state (Chapter 17.4). Subsequently, Benson applied the relaxa-
tion response in combination with nutrition, exercise and stress 
management, and demonstrated the package to be effective in 
the treatment of hypertension, cardiac arrhythmias, chronic 
pain, insomnia, anxiety, mild or moderate depression, and 
premenstrual syndrome. These studies contributed immensely 
to ancient wisdom becoming a part of modern medicine, and 
culminated in the establishment of the Mind/Body Medical 
Institute at Harvard Medical School. 

Deepak Chopra
Deepak Chopra graduated in medicine from the All India 
Institute of Medical Sciences in 1969. Soon after that, he left 
for USA and specialized there in endocrinology. His deeper 
contact with ancient Indian wisdom and certain observations 
on his patients, particularly those having cancer, revealed to 
him certain truths for which his training in scientifi c medicine 
had not prepared him. What he realized was that there is an 
enormous amount of intelligence packed into the living organ-
ism which medical science has missed because of its rather 
predominantly material-based approach. To illustrate, a mol-
ecule of adrenaline released in the body as a neurotransmitter 
is not the same as adrenaline injected by a doctor. The endog-
enous adrenaline is released at the right places at the right time 
in the right dose to engage in a dialogue with some cells in the 
body which have, depending on the needs of the body at that 
time, multiplied their receptivity to the molecule. On the other 
hand, injected adrenaline shouts at all cells in the body with a 
single-minded insistence. The fi ne-tuning of the endogenous 
molecule is the result of the intelligence of the body, which is 
of such a high order that no scientist has been able to duplicate 
it. Accordingly to Deepak Chopra, the intelligence is encapsu-
lated in DNA, as a result of which a fi nely regulated synthesis 
of several enzymes at several places in the body ensures that 

appropriate neurotransmitters are released at the right places 
and lead to just the right effects. Thus the intelligence (which 
he translates, in this context, as know-how) encapsulated in 
DNA is disseminated in the body by neuropeptides, which act 
as messengers. This intelligence is not confi ned to the brain 
because DNA is the same in all cells, and is particularly evi-
dent also in the immune cells, which have a great chemical 
kinship with the nervous and endocrine systems. What triggers 
this intelligence is thoughts, which are a non-material entity. 
Thus non-material thoughts are translated into and transported 
by chemical molecules, which are a material entity. How this 
happens is a gap which modern science, rooted fi rmly as it is 
in a matter-based approach, cannot bridge. To bridge this gap, 
one needs to take a quantum leap which takes one beyond the 
ordinary level of consciousness, which is based on sensory per-
ception. This was the leap the rishis of ancient India (and mys-
tics in several other traditions too) took which enabled them to 
see the creation of the universe from an infi nitesimally small 
part of Consciousness, which they termed the Brahman. Thus 
the process of creation of the universe is duplicated, albeit on 
a small scale, in our body every time a thought is transformed 
into an ‘intelligent’ molecule.
 What is the relevance of all this to medicine? Deepak 
Chopra uses it to help induce in the patient the process of, what 
he calls, quantum healing. He defi nes quantum healing as the 
ability of one mode of consciousness (the mind) to spontane-
ously correct the mistakes in another mode of consciousness 
(the body). Taking cues from Ayurveda, he encourages the 
patient to expand the boundaries of his consciousness during 
meditation, ‘drown’ himself in an Ocean of awareness (the 
‘bliss technique’), and then focus attention on the diseased area 
(the ‘primordial sound technique’).

Bernie Siegel
Bernie Siegel, an American cancer surgeon, realized after a few 
years of practice that each patient has a unique biology and so 
has each tumour, and the histopathological diagnosis ignores 
both. Therefore, the prognosis based on such a diagnosis gives 
only the probability, not all possibilities. A few individuals who 
defy all statistics and survive cancer are not necessarily mira-
cles, misdiagnoses or slow-growing tumours. What is common 
to virtually all cancer survivors (and this applies also to those 
who survive AIDS, lupus or multiple sclerosis) is a set of the 
same basic qualities: peace of mind, unconditional love and the 
courage to be themselves. Previous literature on the subject and 
recent studies by Siegel as well as other groups of workers have 
only confi rmed that cancer develops more commonly in those 
whose personality is characterized by denial and repression, 
and who have on top of that recently experienced more than 
their share of traumatic life events. Further, in these patients 
disease can be a turning point. The patient may develop a more 
positive, healthy and constructive approach to life, and try to 
do in what remains of his life whatever he always wanted to 
do but could not. Interestingly, that makes not only the remain-
der of life better, but also longer. Some patients may effect this 
change of attitude on their own, but many more can be helped 
to bring about such a change by appropriate guidance from the 
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doctor. In that sense, the doctor’s role is merely to facilitate 
self-healing. What is noteworthy is that the approach not only 
heals the disease but life itself.
 The evidence in favour of the mind-body approach has 
gone beyond anecdotes, and has the support of several large 
studies. What lends further credibility to it is the evidence 
also for a plausible mechanism. As Bernie Siegel says, love, 
hope, joy and peace have physiological consequences as much 
as depression and despair do. These consequences are medi-
ated by the neuro-endocrine-immune interactions and have 
been examined variously in studies by changes in neuropeptide 
levels, cytokine levels and changes in number or activity of 
immunocompetent cells, particularly the NK cells.
 The essence of Bernie Siegel’s prescription to the doctors is 
not to take away hope from the patient on the basis of statistics. 
Since ‘miracles’ do occur, there is nothing like ‘false hope’. 
What doctors have to beware of is giving false ‘no hope’. 

Dean Ornish
Dean Ornish, an American Cardiologist known today for his 
lifestyle program for management of heart disease, did not 
stumble on his program by chance. The origins of his program 
go back to his premedical days. As a premedical student at an 
extremely competitive university, he started feeling inadequate 
and convinced himself that he could never make it to medi-
cal school. On the other hand, he also received a fl ash of spir-
itual insight which told him that no achievement was going to 
bring him lasting happiness. These two ideas dominated his 
thoughts to such an extent that he got depressed and decided 
to end his life. However, an attack of infectious mononucle-
osis forced him to go home for a few days. During his stay at 
home, he heard a discourse by Swami Satchidananda wherein 
he learnt that while it is true that nothing that we get from out-
side can bring us lasting happiness, the true source of happi-
ness is within us. This proved a turning point. Instead of being 
outwardly defi ned, he became inwardly oriented. He recovered 
from the illness, returned to college a renewed man, could con-
centrate on his work, and it goes without saying, made it to 
medical school.
 In view of this background, it was not surprising that he 
was struck by the paradox of cigarettes and hamburgers being 
sold in the lobbies of the very same hospitals that were doing 
bypass grafts. There was far too much reliance on drugs, angi-
oplasties and bypass surgeries instead of attending to the root 
causes of coronary artery disease. While still a medical student, 
he discovered that although there were several studies showing 
individually the relationship of coronary artery disease with 
diet, exercise, smoking or mental stress, no single study had 
examined all these factors together. He decided to take a year 
off between his second and third year of medical school (in the 
year 1977), and having the benefi t of ‘inexperience’, embarked 
on his fi rst study to investigate whether attending to all the 
lifestyle factors together could reverse the chain of events 
which had, in the fi rst place, led to coronary artery disease. The 
results were clear: after just one month of a new lifestyle, the 
patients not only felt better, they were better, as assessed by the 
exercise thallium scan. The results were received with a great 
deal of scepticism, fl aws were found in the study design and 

blamed for the ‘wrong’ conclusions. However, Dean Ornish 
was convinced in his heart about the validity of the study, and 
did a few more progressively better designed studies, fi nally 
culminating in the classical study published in the Lancet in 
1990. The study demonstrated through a randomized control-
led trial that lifestyle changes do bring about an angiographi-
cally demonstrable reduction in coronary artery stenosis. The 
results, based on a one-year follow-up, were confi rmed in the 
four-year follow-up published in 1995 in JAMA.
 Dean Ornish prefers to call his program the ‘Open your 
heart’ program because although diet, exercise, meditation, and 
quitting smoking, are all there in it, the greatest emphasis is on 
making the patient look at life differently. For achieving the 
transformation, the patient is guided to open his heart to him-
self, to others, and to a Higher Self. The patient may enter the 
program as a miserable, helpless person whom a life-threat-
ening illness has compelled to choose between a life that is 
interesting but stressful and short, and another that is long but 
boring. He is expected to leave a happy, empowered person 
whom the illness has provided an opportunity to discover a 
way of life that is more productive and delightful than he ever 
thought possible. If the transformation is actually achieved, the 
patient makes a conscious choice in favour of a new lifestyle. 
He follows the diet-exercise-meditation regimen not out of fear 
but because he enjoys it. Moreover, the transformation is not 
limited to the regimen: it spills over into his daily life which he 
now lives and looks at with an open heart. The transformation 
is not easy, and cannot be achieved by preaching or pressuriz-
ing. Moreover, it is not an all or none process. The program 
only enlightens and empowers the patient: the choice of how 
much to change ultimately depends on the patient. Once he 
starts enjoying the change, he voluntarily progresses further in 
the same direction. But the pace and extent of change are left to 
him; the doctor’s job is only to provide the facts and show the 
path.

Larry Dossey
Larry Dossey, an American physician, developed as a medi-
cal student an extraordinary receptivity for spiritual philoso-
phies of the east, specially Buddhism and Taoism. Therefore, 
it was not surprising that when he saw a positive study on the 
healing effects of prayer, he was prompted to make a search 
for other similar studies. He started with the belief that there 
would not be many, but was pleasantly surprised to fi nd that 
there were more than 100 studies, exhibiting criteria of good 
science, which suggested the therapeutic effi cacy of prayer. 
His reactions to this discovery were two-fold. First, he was 
amazed that scientifi c medicine had ignored these scientifi c 
studies. Secondly, he felt uncomfortable because he was not 
sure how he should use this knowledge, if at all. In spite of 
his background of being educated in modern medicine, he felt 
that denying his patients the benefi ts of prayer would be akin to 
withholding from them a potent drug, and would therefore be 
unethical. Starting with praying for his patients, it was a natu-
ral corollary for Larry Dossey to take special interest in mind-
body relationship and non-local healing.
 Research and refl ection have convinced Larry Dossey that 
what we are witnessing is a major paradigm shift in scientifi c 
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medicine. He has pointed out that the period 1860-1950 was 
marked by spectacular achievements such as vaccines, antibi-
otics, imaging techniques, radiotherapy and advanced surgi-
cal techniques. The effect of these achievements was so over-
whelming that it came to dominate our thinking completely. 
But once the spell cast by these miraculous advances started 
wearing out, the limitations of looking at the body as a machine 
became obvious. Around 1950, the era of physical medicine 
started giving way to the era of mind-body medicine. While 
retaining the enormous gains of the previous era, we have 
started adding another dimension to scientifi c medicine based 
on mind-body interactions. It is an era of synthesis, not one 
of replacing one system of medicine by another. The synthe-
sis is embodied in psychoneuroimmunology, a rapidly growing 
discipline. However, our heritage rooted in a material-based 
approach continues to restrain us. As a result, in the era of 
mind-body medicine, we tend to localize the mind in a physi-
cal structure – the brain. Hence the era may probably be better 
described as that of brain-body medicine. However, Larry 
Dossey feels that we are gradually coming out of that shell. 
Therefore he predicts that the next era will look at mind as an 
entity not constrained by time and space. That will be the era of 
non-local medicine. While retaining the gains of physical med-
icine and mind-body medicine, we will add another dimension 
to scientifi c medicine in which there will also be room for heal-
ing across barriers of time and space. Not only the patient’s 
mind but also the healer’s mind will be used for infl uencing the 
patient’s body. In this approach, since the patient and the healer 
don’t have to be physically close, the distance between them 
does not matter.
 All those named above, except Norman Cousins, are physi-
cians trained in scientifi c medicine at some of the fi nest medi-
cal centres in the world. While remaining fi rmly rooted in sci-
entifi c medicine, they have made a perceptible shift in the way 
they practice their art. The shift they have made has nothing 
to do with what they learnt in medical school. Another thing 
they all have in common is their deep and abiding interest in 
eastern philosophies, mysticism and spirituality. Some would 
consider them to be a few inconvenient individuals whose 
eccentricities will make no difference to mainstream medicine. 
But in fact they are the leaders of a wave that is sweeping the 
world as never before. For the fi rst time in recent history, sci-
ence has embraced spirituality, leading to a union that has all 
the signs of a perfect synthesis. The synthesis is all set to shift 
the basis of scientifi c medicine from a material-based approach 

to a consciousness-based approach. Mind-body medicine is a 
transitional stage in this process of a radical shift in approach. 
What mind-body medicine does is to use the thought process of 
the patient to bring about self-healing. The mechanisms of self-
healing are inherent in the body. What we are doing is merely 
to give those mechanisms their best chance. Homeostasis, 
or correcting deviations from normal through physiological 
mechanisms is a time-honoured concept. What mind-body 
medicine has revealed is that the scope of these mechanisms is 
much wider than hitherto assumed; second, that the mind can 
infl uence these mechanisms; and fi nally, that the patient can be 
guided to use the mind-body relationship to his advantage. 
 It has taken about 50 years of research for mind-body med-
icine to emerge as a potentially powerful component of sci-
entifi c medicine. It is understandably still too early for these 
developments to be refl ected in medical curricula. But a stu-
dent studying medicine today may well be practising medicine 
for the next 50 years. He may fi nd himself woefully inadequate 
if he is not aware of this new dimension of modern medicine, 
and does not keep pace with it through his own efforts.
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 sensory speech  732
 Wernicke’s  732
 M II  684
Arginine vasotocin  730
Argyll Robertson pupil  629
Aristotle  4, 561
Arterial blood
 PCO2  255
 pH  255
 PO2  255
Arterial pulse  138, 139
Arteries  38, 171
 and aging  38
 pressure-volume relationship  171
Arteriole(s)  112, 166
Arteriovenous shunt(s) 
 effect on PO2 and PCO2  255
Arteriovenous shunt(s) 195, 257
 hypoxia in  257
 physiological  195
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Artery(ies)  112, 155, 166, 204
 coronary  155
 end  155
 pulmonary  112
 umbilical  204
Artifi cial kidney 444
Artifi cial respiration  261
Asana(s)  555, 745, 754, 761
Ascites  191
Ascorbic acid (see also vitamin C)  404
Ashtanga yoga  747
Aspartate  584
Asphyxia  260
Aspirin  273, 321
Assimilation  293
Association cortex  593, 634, 717, 732, 
 auditory  732
Associative learning  734
AST  368
Asthma, bronchial  239
Astigmatism  617
Astrocytes  196, 197, 574
AT III  (see antithrombin III)
Atherosclerosis  38, 388, 391, 392
Atmospheric pressure
 high  287
 low  283
ATP (see adenosine triphosphate)
ATPase  31, 311, 523
 cardiac  31
 gastric  31, 311
 inhibitor  31
 myosin  523
ATPase, Na/K  118
ATPS  220
Atrial extrasystole  148
Atrial fi brillation  149, 154
Atrial fl utter  149
Atrial natriuretic factor  peptide  104, 179, 455, 

456
Atrial pressure waves  138, 139
Atrial receptors  177
 type A  177
 type B  177
Atrial septal defect  207
Atrial tachycardia  149
Atrioventricular node  115, 131
Atrium  104, 111
 left  112,
 natriuretic factor  104, 179, 455, 456
 right  111
Atropine  305, 313, 699
 and gastric acid secretion  313
 during surgery  313
Attenuation 
 of bacteria  72
Audiometry  653
 auditory  649
Auditory cortex  648
Auditory function
 evaluation  652
Auditory nerve  645
Auditory pathway
 ascending  645
 descending  648
Auerbach, Leopold  300
Aurobindo, Sri  693, 717, 745, 746, 749

Autoimmunity  36, 37, 85
Automaticity
 of cardiac muscle  133
Autonomic control
 role of hypothalamus  709
Autonomic effects 698
Autonomic functions
 role of reticular formation  728
Autonomic nerve(s)  156, 164, 174, 196, 447, 

491, 538
 effect on smooth muscle  538
 effect on the heart  164
 to blood vessels  174
 to cerebral blood vessels  196
 to coronary arteries  156
 to heart  174
 to male genitalia  491
 to urinary bladder 447
Autonomic nervous system  301, 322, 470, 471, 

695, 709, 713, 766, 768
 and aging  39
 effects of yoga 766, 768
 imbalance  322
 responses to emotions  713
 role of hypothalamus  709
Autoregulation  197, 200
 of cerebral blood vessels 197
 of renal blood fl ow  200
Autosomal trait  25
Autosomes  20
AV delay  131, 132
AV node (see atrioventricular node)
Avery  26
Avery Jones, Francis  320
Avicenna  6
Avogadro’s hypothesis  216
Axillary temperature  269
Axon  509
 giant  509
Axon hillock  578
Axon refl ex  180, 202
Axonal transport  20
Axonotmesis  513
Ayurveda  7, 45

B
B cells  472
B cells (see also B lymphocytes) in the gut  355
B lymphocytes  69, 75, 76, 77 
 differentiation  77
Backache
 prevention  541, 543, 769
 treatment 769
Bacon, Roger 6
Bacteria
 commensals  71
Bainbridge  177
Bainbridge effect  148, 177, 547
Balanced diet  412
Band cell  66
Banting FG  473
Barbiturates
 and sleep  728, 729
Bard, Phillip  712
Baroreceptor refl ex  176, 184, 185
Baroreceptors  176, 185, 188, 206
 foetal  206

Barr body  485
Barrier  489, 613
 blood-aqueous  613
 blood-testis  489
Basal acid output
 of stomach  358
Basal body temperature  269, 502
 and ovulation  502
Basal electrical rhythm  349, 350
Basal ganglia  573, 584, 689 – 691 
 and bilirubin  573
 neurotransmitter  584
Basal metabolic rate 381, 465, 466
 effect of thyroxine 465, 466
Basal metabolic rate (see also metabolic rate 

and resting metabolic rate)
Basilar membrane  639, 640, 641, 642
Basket cells  584, 687
 neurotransmitter  584
Basophils  68, 69
Basti  758
BAT (see brown adipose tissue)
BBB (see blood-brain barrier)
Beaumont, William  317
Behavior  708, 734
 operant  734
 role of hypothalamus  708
Behavioural adaptation  270
Bekesy, George von  642, 643
Bel  635
Bell, Alendander Graham  635
Bends (see decompression sickness)
Benson, Herbert  716, 766, 780
BER (see basal electrical rhythm)
Berger rhythm  725
Berger, Hans  725
Beriberi  63, 400
Bernard, Claude  5, 9, 320
Beta receptors (see adrenergic receptors)
Beta waves
 of EEG  725
Beta-carotene  398
Beta-endorphin (see endorphin)
Beta-estradiol (see estradiol)
Betz cells
 neurotransmitter  584
Bezold-Jarisch refl ex  177
Bhakti yoga  748
Bicarbonate  345, 438
 absorption in colon  345
 renal reabsorption 438
 secretion in colon  345
Bicarbonate buffer 436
Bicarbonate pump 
 in cornea  615
Biggs  98
Bile  328
 regulation of secretion  329
Bile acids/salts 329, 337, 364
 serum level  368
Bile salt stimulated lipase  417
Bilirubin  55, 367
 in serum  367
 in urine  367
 secretion  364
Biliverdin  55
Biological clock 710
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Biological transport (see transport)
Biological value of proteins  396
Biomechanics  541
 of the vertebral column  541
Biotin  402
Biphasic potential  533
Bipolar cells
 in retina  618, 621
Birth control  502
Bitot spots  398
Bladder 
 abnormalities 449
 urinary 447
Bleeding disorders  97, 98
Bleeding time  
Blindness  634, 703
 cortical  634
 psychic 703
Blood  12, 37, 45, 48, 166, 185
 and aging  37
 clotting  94
 coagulation  12, 94
 viscosity  48, 185
 volume  101
Blood-aqueous barrier  613
Blood-brain barrier  196, 246, 572, 573, 574,  

 705
 in hypothalamus 705
 permeability to hydrogen ions  246
 role of astrocytes  574
Blood CSF barrier 572, 573
Blood fl ow  135, 156, 166-168, 193, 196, 201,  

 204, 270, 271, 285, 364, 545, 548
 at high altitude  285
 autoregulation  195, 200
 cerebral  196
 coronary  156
 cutaneous  201, 270, 271
 hepatic  199, 364
 intestinal  199
 laminar  168
 lungs  193

  effect of gravity  193
 muscle  201
 physical principles  166
 pulmonary

  during exercise  548
 renal  200
 resistance  168
 skeletal muscle

  in exercise  545
 skin  201, 270, 271
 splenic  197
 through the gut  298
 through uterus  204
 turbulent  168
 velocity  166
Blood glucose  36, 365, 553
 and fatigue  553
 in newborn  36
 regulation of  365
Blood group(s)  88, 93
 antibodies  93
 inheritance  89, 93
Blood pressure (see also hypertension)
Blood pressure  176, 183, 184, 186, 462, 547
 effect of ADH 462
 effect of age  186

 effect of vasopressin 462 
 factors affecting  184
 in exercise  547
 mean  176, 183
 normal limits  186
 normal range  186 
 regulation  426
Blood products  92
Blood substitutes  92
Blood sugar (see blood glucose)
Blood-testis barrier  489
Blood transfusion  90, 93, 88,  229  
 effi cacy  229
 history  88
 incompatible  90, 93
 mismatched  90, 93
Blood vessels  174, 175
 innervation  174
 regulation  175
Blood volume  172, 184, 188
 determination  101, 102
 distribution  172
 effect on blood pressure  184
 reduction  188
 regulation 102
 variations  104
Blotting
 northern  27, 28
 southern  27, 28
 western  27, 28
Blundell, James  88
BMR (see basal metabolic rate)
Body fl uids (see fl uids)
Body surface area
 calculation  159
Body temperature
 (see temperature)
Body water (see total body water)
Boerhaave, Herman  5
Bohr effect  229, 232, 248, 499
 double  249, 499
 in foetus  248
Bohr equation  254
Bomb calorimetry  375
Bone marrow  70
Bone modeling  399
Bone(s)  410, 467
 and fl uorine  410 
 demineralization  467
Borg scale  554
Boussingault  378
Boveri  24
Bowman, William 427
Bowman’s capsule 423
Bowman’s membrane  615
Boyle’s law  216
Bradykinin  181, 305, 585
 and pain  597
 and salivary secretion  305
 as neuroactive peptide  585
Brain  196, 563, 573, 733
 and computers  566
 blood fl ow  196
 function  733
 imaging  733
 species variation  563
 tumour  573

Brain blood fl ow  196
 during exercise  546
Brain death  167, 727
Brainstem motor mechanisms  682
Brain weight
 species variation  563
Breaking point
 for breath holding  259
Breast  463, 495, 500, 501,
 development  495, 500, 501
 effect of oxytocin 463
Breastfeeding  501, 502, 416
 advantages of  416
Breath holding  154, 259
Breath hydrogen
 and intestinal transit  348
Breathing
 mechanics  233
 reserve  221, 258
Bremer  729
Brobeck, J.  707
Broca’s area  732
Brodmann’s areas
 areas 1-3, 5, 7, 17, 18-21, 41,42------593,  

  594, 626, 631, 632, 645
Bromsulphalein excretion 367
Bronchial asthma  239, 770
 treatment  770
Bronchioles  218
Bronchus  218
Brown adipose tissue
 (see also adipose tissue, brown)
Brown adipose tissue
 and adaptation to cold  280
Brunner’s glands  296
Brush border  331, 332
 disaccharidases  332
 enzymes  342
 peptidases  335
BSP excretion (see bromsulphalein excretion)
BSSL (see bile salt stimulated lipase)  417
BTPS  217, 220
Buffer  435, 48
 protein  48 
 physiological  435
Bundle 
 branches  115
 of His  115
Bundle branch block 150
Bundle of His  115
Burkitt, Denis  387
Burnett  379
Butyrate
 in the colon  346
BV (see biological value of proteins)

C
C wave (atrial/venous)  138
CAD (see coronary artery disease)
Cajal, Santiago Ramon Y  562
Calciol  399
Calcitonin 468
 as neuroactive peptide  585
Calcitriol  467
Calcium  406, 515, 522
 and muscle contraction  515, 522
 and muscle fatigue 552

Index & Excerpts.indd   786Index & Excerpts.indd   786 8/25/2010   11:45:11 AM8/25/2010   11:45:11 AM



In
d
ex

787

 and smooth muscle contraction  539
 as second messenger 456, 457
 dietary  406
 functions  467
 metabolism  467
 plasma level  399, 467
 recommended allowance  412
 role in coagulation  96
Calcium binding protein  467, 342, 399
Calcium channel blockers  128
Calcium channel(s)  128, 518
 at neuromuscular junction  518
 at presynaptic terminal  577
Calcium ions
 and LTP  739
 absorption of  342
Calmodulin  349, 457, 577
 at presynaptic terminal  577
 in smooth muscle  539
Caloric nystagus  663
Calorimetry 
 bomb  375
 direct  381
 indirect  381
Camel
 adaptation to hot environment  276
Canal of Schlemm  611
Cancer  23, 388
 and aging  38
 and melatonin   480
 and selenium defi ciency  408
 metabolic rate  383
 survivors 780
Cannon, Walter  5, 9, 349, 700, 713
Capacitance vessels  190
Capacitation  491
Capacities
 respiratory  219
Capillaries  9, 112, 168
 density  155
 fenestrated  200
 fl uid exchange  103, 169

  in lungs  194
 in brain  197
Carbaminocompounds  230
Carbaminohaemoglobin  231
Carbohydrate 385
 absorption

  tests  361
 absorption  331
 catabolism during exercise  551
 digestion  331
 fermentation in colon  345
 hepatic metabolism  365
 metabolism  468, 471
Carbohydrate tolerance  388
 (see also Glucose tolerance)
Carbon dioxide dissociation curve  231
Carbon dioxide retention  288
 in respiratory failure  260
Carbon dioxide transport  230
Carbon monoxide poisoning  227
 hypoxia in  257
Carbonic anhydrase  230
Carboxypeptidase  326, 335
Cardiac (see also Heart)
Cardiac catheterization  139

Cardiac cycle  137
 events  137
Cardiac failure  190
 hypoxia in  257
Cardiac glands  310
Cardiac impulse
 conduction  131
Cardiac index  159
Cardiac metabolism  157
Cardiac muscle  114, 155
 action potential  120, 127
 electrophysiology  127
 intercalated disc  16
 properties  115, 133
Cardiac output  113, 159, 161
 at rest  113
 determination  159
 distribution  159, 164
 during exercise  113
 factors affecting  161, 184
 in exercise  546
Cardioacceleratory centre  175
Cardiogenic shock  190
Cardioinhibitory center  175
Cardiopulmonary bypass machine  280, 281
Cardiovascular regulation  174
 chemical  180
 hormonal  180
 neural  174
Cardiovascular responses
 to exercise  545
Cardiovascular system  111
 and aging  38
 effect of cortisol 468
 effect of thyroid 466
 effects of yoga 765
 innervation  174
Carotenoids  398
Carotid body  179, 246
Carotid sinus  176
Carrier(s)
 mediated transport  29
Cascade  21
Castle, William  46, 63, 339
Cataract  261, 616
 senile  39
Catecholaminergic pathways  713
Catecholamines  456, 470
 (see also adrenaline and noradrenaline)
Catechol-o-methyltransferase  579
Catheterization
 cardiac  139
Caudate  689
Caveoli  537
CCK (see cholecystokinin)
Cell  8, 13-28
 communication  20
 inclusions  20
 organelles  16
 signaling  20
Cell culture  22
Cell cycle  21, 52
 dysregulation  23
 regulation  21
Cell death  86
Cell division  21
 effect of insulin  472

Cell junctions  15
Cell mediated immunity 
 in the gut  356
Cell membrane  14,18
 carrier  31
 models  14
 permeability  29
 recycling  18
 transport  29
Cell theory  8
Cellulose (see dietary fi bre)
Celsus  376
Central nervous system  563
 and temperature regulation  271
 effect of hypercapnia  261
 effect of hypoxia  261
 effect of oxygen toxicity  261
 effect of thyroid 466
 neuroactive peptides  584
 neuromodulators  583, 584
 neurotransmitters  583
Centre-surround antagonism  621
Centriole  19
Cephalic phase
 of gastric secretion  314
 of pancreatic secretion  327
Cereals
 amino acid profi le  336
Cerebellum  687-689
 neurotransmitter  584
Cerebral aqueduct  568
Cerebral asymmetry  739
Cerebral blood fl ow  196
 during exercise  546
 effect of yoga 767, 768
Cerebral blood vessels
 nerve supply  196
Cerebral circulation  196
 regulation  197
Cerebral cortex 
 and ANS 699
 and respiration  244
 arousal  729
 association  593, 594
 association areas  634
 auditory  645, 648
 columnar organization  632
 entorhinal  669
 layer IV  631
 layers  593
 limbic 702
 motor mechanisms  683
 orbitofrontal  669, 701
 posterior parietal  683
 premotor  684
 prepyriform  669
 primary motor  684
 secondary motor  683, 684
 sensory  593
 visual  626, 631
Cerebral edema
 at high altitude   286
Cerebrocerebellum  689
Cerebrospinal fl uid  568-573
 absorption  570
 circulation  569
 composition  570
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 examination  571
 formation  34, 569
 functions  570
 pressure  571, 572
Cerveau isole  729
Cervical cap  503
CGP (see circulating granulocyte pool)
Chakras  750
Chalones  68
Channel (s) (see also individual channels)
 sodium  122
 voltage-gated  122, 123
Charaka  4, 561
Charaka samhita  376
Charles’ law  216
CHD (see coronary heart disease)
Cheilosis  401
Chemical regulation (see also regulation)
 of cardiovascular function  180
 of coronary blood fl ow  157
 of respiration  246
Chemical score of proteins  396
Chemical senses (see taste and Smell)
Chemically gated channels
 at neuromuscular junction  518
 in smooth muscle  538
 on postsynaptic membrane  578
Chemoreceptors  
 and respiratory regulation  246
 aortic body  179
 carotid body  179
 central  246
 foetal   206
Chemoreceptor refl ex  179, 184, 185
Chemoreceptor trigger zone  572
Chemosensitive area  246
Chemotaxis  73
Chenodeoxycholate  329, 365
Chewing  303
Cheyne-Stokes breathing  12, 260
Chhina GS 766
Chief cells  310
Child
 nutrition  416
Childbirth  501
Chloride shift  230
Chloride
 absorption of  344
Chokes (see decompression sickness)
Cholecalciferol  399
Cholecystokinin  314, 316, 351, 455, 456, 708,  

 326
 and biliary secretion  330
 and gastric acid secretion  314
 and pancreatic secretion  326
 as neuroactive peptide  585
Choledochal spincter  328
Choleretic action
 of bile satls  365
Cholesterol
 absorption  335
 dietary  390, 391
 functions  391
 level in serum  368, 387, 391, 393
Cholic acid  365
Choline acetyltransferase  518
Cholinergic fi bres
 to skeletal muscle blood vessels  201

Cholinergic nerve(s)
 sympathetic  174, 270, 271
 to sweat glands  270, 271
 vasodilator  174
Cholinergic pathways
 in reticular formation  723
Cholinergic receptors (see acetylcholine 

receptors)
Cholinergic transmission
 and aging  39
Chopra, Deepak 771, 780
Chordae tendinae  116
Choroid  610, 611
Choroid plexus  568, 569
Christmas disease  97
Chromaffi n cells  470
Chromatin  20, 485
 sex  485
Chromatolysis  513
Chromosome(s)  20, 21, 24, 25, 27
 sex  485
 X  20, 25, 485
 Y  485
Chronaxie  510
Chylomicrons  337
Chymotrypsin  326, 335
Cilia (see Cilium)
Cilia
 in respiratory tract  218, 219
Ciliary body  610, 611
Cilium  19
Cimetidine  313
Cingulate gyrus 701
Circadian rhythm  710
 of melatonin  478
 of sleep-wakefulness  730
 of temperature  269
Circulating granulocyte pool  66
Circulation  111, 545
 bronchial  194
 cerebral  196
 foetal 204
 gastrointestinal  298
 neonatal  206
 placental  204
 portal  199
 pulmonary  113, 193
 renal 200, 425
 skeletal muscle

  in exercise  545
 splanchnic  298
 systemic  113
 uterine  204
Circulatory fi lling pressure  183
Circulatory overload  90
Circulatory shock (see Shock)
Circumventricular organs  572
Cisterna basalis  568
Cisterna magna  568
Cisterna pontis  568
Clamp current  122
Class switching  80
Clearance 429, 445
Cleave TL  387
Climbing fi bers  687
Clinical hypertension  716
Clock
 endogenous 710

Clonal proliferation  80
Clotting factors  92
Clotting time  98, 99
Clotting
 of blood  95
 of menstrual blood  496
 of semen  491
CMI (see cell mediated immunity)
CNS (see also central nervous system)  563
CNS ischaemic response  186, 179
Coagulation factors  92, 182
 factor XII  182
Coagulation  95, 12 
 of blood  95
Cobalamin (see vitamin B12)
Cochlea  639
Cochlear microphonics  643
Cochlear nucleus  647
 dorsal  645
 ventral  645
Code
 genetic  24
Coding
 by labeled lines  595
 by sensory receptors  587
Co-dominance  26
Codon  25
Coenzyme Q  40
Cognition  596
Cognitive process  713, 714
Cohn, Edwin  47, 88
Coitus (see sexual intercourse)
Cold environment
 acclimatization to  279, 280
 responses to  279, 280
 thermoregulation  279, 280
Cold exposure
 cyanosis in  258
Colipase  326, 337
Collecting ducts 425, 433
Colloid
 in thyroid 464
Colloid osmotic pressure 
 plasma  170, 172
Colon  344-348
 (see also Large intestine)
Colony stimulating factors  67
Color blindness  622, 624
 inheritance  624
Colostrum  416
Colour vision  623, 632
Columnar organization
 of cerebral cortex  594, 632
Coma  727
Commensals  71
Communication  20
Compared to auditory pathway  651
Compensatory pause  134, 149
Competitive inhibition  29, 30
Complement  72
Complex cells
 in visual cortex  631
Compliance  236-237
Compound action potential  511
Computerised tomography  733
Computers
 and brain  566
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Conation  596
Concentration
 units  33
Conditioned refl ex  734
Conditioning
 classical  734, 737
 operant  734
Condom  503
Conductance  122
 changes during action potential  122
Conduction aphasia  733
Conduction deafness  652
Conduction 
 saltatory  510
Conduction system
 defects  150
Conduction system
 of heart  131
Conduction tissue  115
 of heart  115
Cones  618
Congenital heart diseases  207
Congestive cardiac failure  191
Congestive heart failure  191
Coning   572
Conjugate movements  629
Conn’s disease  187
Conn’s syndrome  469
Connective tissue
 and aging  37
Consciousness
 and yoga 768, 780
Consensual light refl ex  627
Constipation  388
 during pregnancy  415
Continuous capillaries  169
Contraception  502-503
Contraceptive(s)  502
 oral  187, 503
Contrecoup phenomenon  570
Control system  10
 oscillatory response  10, 11, 12
Control (see also regulation)
 of autonomic functions  698, 709
 of visceral activity  698, 709
Controlled variable  10, 11
Controller  10
 proportional-differential  10, 11
Convergence
 in visual pathways  633
Coombs’ test  61
Copernicus  6
Copper-T  503
Cor pulmonale  191
Cordotomy  602
Cornea  610, 614
Coronary arteries  155
 nerve supply  156
Coronary artery disease 
  (see coronary heart disease)  
Coronary blood fl ow
 measurement  156
 regulation  156
Coronary heart disease  388, 392, 394, 769, 781 
 dietary recommendations  394
 electrocardiogram  151
Corpus albicans  494
Corpus hemorrhagicum  493, 494

Corpus luteum  494, 499
Cortex  (see adrenal cortex, 
  cerebral cortex, etc.)
Cortical blindness  634
Cortical motor mechanisms  683-686
Corticosterone
 in fetus  501
Corticotropin releasing hormone 456, 460
 as neuroactive peptide  585
Cortisol  468 (see also glucocorticoids)
 and cold stress  279
 and erythropoiesis  53
 and exercise  550
 in fetus  501
Co-transport  32
 of glucose and sodium  332
Cough refl ex  245, 246
Coumarin  96
Counter transport  32 (see also 
 transport, coupled)
Countercurrent mechanism
 in intestines  299
Countercurrent multiplier
 in kidneys 427, 433
Coupled transport
 of glucose and sodium  332
Cournand, Andre  140
Cousins, Norman 779
Crane, Robert  333
C-reactive protein  73
Creatine phosphate  529
Creatinine 
 serum level 445
Creatinine clearance 429
CREB (see cyclic AMP responsive element 

binding protein)
Cretin 466
CRH (see corticotropin releasing hormone)
Crick  24
Critical closing pressure  169
Crosby  341
Cross matching 
 of blood  90
Crossed extension refl ex  680
Cross-over
 of chromosomes  25
CRP (see C-reactive protein)
Crystalloid osmotic pressure  172
CSF (see cerebrospinal fl uid and colony 

stimulating factors)
CT (see computerised tomography)
Curare  520, 699, 700
Curd
 in lactose intolerance  334
Current of injury  151
Current
 clamp  121, 122
 ionic  121
Cushing’s refl ex  197
Cushing’s syndrome  187, 469
Cutaneous blood fl ow  202
 and temperature regulation  270, 271
 during exercise  546
CVS (see cardiovascular system)
Cyanide  31
Cyanide poisoning
 hypoxia in  258

Cyanocobalamin (see also Vitamin B12)
 absorption of  339
Cyanosis  258
Cyclic AMP 
 responsive element binding protein  737
Cyclic AMP  457, 458, 585, 738
 and memory  738
Cyclic GMP  457, 456
Cytokinesis  21
Cytoprotection
 by prostaglandins  321
Cytoskeleton  18
Cytotoxic cells  76, 84, 85
Cytotrophoblast  499

D
D cells  472
Dale, Henry  176, 301, 581, 584, 699, 700
Dale’s hypothesis  301
Dale’s principle  584
Dali, Salvador  729
Dalton’s law  217
Dam  379
Damasio Antonio  712
Damasio, Hannah  714
Danielli-Davson model  14
Dark adaptation  619, 398
Dark ages  4, 6
Davidson, Richard  717
de Graff, Reinier  46
Dead space  221
 physiological  225
 determination  253, 254
Dead time  10
Deafness  652
 and speech  732
Death
 cellular  86
 criteria  165, 727
Decartes  714
Decerebrate rigidity  683
Decibel  635
Decidual cells  498
Decompression sickness  288
Deep sleep  727
Defaecation  348
Defecation refl ex  351
Defence mechanisms  71, 170
 of the gut  353
Defi brillation  149
Degeneration
 of nerve fi bres  513
 Wallerian  513
Deglutition  306
7-dehydrocholesterol  399
Dehydroepiandrosterone  470, 500
Delayed heat  532
Delivery  501
 role of oxytocin 463
Delta sleep  728
Delta sleep-inducing peptide  730
Delta waves
 of EEG  726
Dement, William  727
Dementia
 senile  39
Dendrite  509
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Denervation sensitivity  519
Denis, Jean-Baptiste  88
Dentate gyrus  701
Dentate nucleus  687
Deoxycholate  365
2-deoxy-glucose  707
Deoxyribonucleic acid  20, 21, 24, 25, 780
 mitochondrial  18
 response to hormones 456
Deoxyuridine suppression test  64
Depolarization  119, 120, 123
 ventricular  153, 154
Depressor area  175
Depth of focus  614
Depth
 perception of  633
Descartes  476
Descartes, Rene  561, 779
Descemet’s membrane  615
Descending pathways  684
 reticulospinal  683
 vestibulospinal 685, 683 
Desert (see hot environment)
Desmin  516, 536
Desmosomes  16
Detoxifi cation  16, 367
Deuteranomaly  622
Deuteranopia  624
Development  35
 of breast  495, 500, 501
 of sex characters  491, 495
 role of thyroid  465
DHA (see docosahexaenoic acid)
Dharana  747, 761
Dhauti  758
DHEA (See dehydroepiandrosterone)
DHPR (see dihydropyridine receptors)
DHT (see dihydrotestosterone)
Dhyana  747, 762
Diabetes 
 and exercise  551
Diabetes insipidus 462
Diabetes mellitus  388, 443, 474
 and renal failure 443
 treatment  769
Dialysis 31
 for renal failure 444
Diaphragm 
 role in breathing  233
 for contraception  503
Diarrhoea
 rehydration in  333
Diastasis  139
Diastole  113, 137
Dichromats  624
Dicrotic notch (in arterial pulse)  139
Dicumarol  96, 97
Diencephalon  705
Diet  
 and erythropoiesis  53
 and fatigue  553
 and pancreatic secretion  328
 and peptic ulcer  322, 323
 balanced  412
Dietary allowance (see recommended dietary 

allowances)
Dietary fats  390
 and lipoproteins  394

Dietary fi bre  331, 333, 334, 387
Dietary requirement(s)  411
Diet-induced-thermogenesis (see thermic effect 

of feeding)
Differential leucocyte count  66, 70
Differential leucocyte count
 (see white blood cells, differential count)
Diffusing capacity  254, 255
 carbon monoxide  255
Diffusion coeffi cient  254
Diffusion potential  117
Diffusion  216
 defects

 hypoxia in  257
 facilitated  29
 in lungs  254

 during exercise  549
 of oxygen 

 in lungs  223
Digestion  293
Digestion (see also absorption and 

gastrointestinal tract)
 and aging  38
 of carbohydrates  331
 of fats  326, 336, 417
 of lipids  326, 417
 of proteins  335
Digestive system (see gastrointestinal tract)
Digitalis  31
Dihydropyridine receptors  522
Dihydrotestosterone  491
Dihydroxycholecalciferol  467
Diiodotyrosine 464
Diltiazem  128
Dinitrophenol  31
Dipalmitoyl lecithin  237
Dipeptidase  335, 336
Dipeptidyl peptidase  336
2, 3-diphosphoglycerate  229, 284
Diphtheria
 hypoxia in  258
Disaccharidases  332
Distal convoluted tubule  425, 432
DIT (see diet-induced thermogenesis)
DIT (see diiodotyrosine)
Diurnal rhythm
 of melatonin  479
Diving  287
DLC (see differential leucocyte count)
DNA (see deoxyribonucleic acid)
DNP (see dinitrophenol)
Docosahexaenoic acid  391, 392
Doctor
 role in illness  4
Doctrine
 Monro-Kellie  572
 neuronal  562
 of signatures  376
Dominant trait  23, 25, 26
Donor
 universal  90
Dopamine  584
 in chemoreceptor cells  246
Dopaminergic pathways
 in reticular formation  723
Dopaminergic transmission
 and aging  39

Dorsal column system  590
Dorsal root ganglion  590
Dossey, Larry  781
Double Bohr effect  248, 499
2,3-DPG  229, 284
Dream sleep  728, 729
 (see also REM sleep)
Drinking behaviour  703
Driving
 and backache  543
Drummond, Jack  379
Drumstick  485
Du Bois, Reymond  561
Du Bois’ formula  159, 382
Ductus arteriosus  206, 207
 patent  207
Dumas  378
Duodenum  331
Dura mater  569
Dwarfi sm 461
D-xylose absorption  361
Dynein  19
Dynorphin  600
 (see also enkephalins and endorphins)
Dysphagia
 in elderly  38
Dyspnoea  245, 91, 258
Dyspnoea point  259
Dyspnoeic index  258

E
Ear  635,657,682
 function of balance  657,682
E-C coupling (see excitation-contraction 

coupling)
Eccles, John  581
ECF (see extracellular fl uid)
ECG (see electrocardiogram)  
Ectopic
 impulse in heart  149
Edema (see also oedema)  170
 pulmonary 191

 at high altitude  286
Edinger Westphal nucleus  628
EDR (see electrodermal response)
EDTA (see ethylene diamine tetra-acetate)
Edwards, Milne  378
EEG (see electroencephalogram)
EEG silence  727
EETs (see epoxyeicosatrienoic acids)
EFA (see essential fatty acids)  391
Egas Moniz  714
EGF (see epidermal growth factor)
Ehrlich, Paul  46, 572
Eijjkman  63, 379
Einthoven’s triangle  143
Ejaculation  491, 698
Ejaculatory duct  488
Ejection systolic murmur
 in anaemia  168
EKG (see electrocardiogram)
Elastase  326, 335
Elasticity  166
Electrical axis of heart 146
 deviation  147
Electrocardiogram  143, 158

 interpretation  148
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 leads  143
 recording  143

Electrocardiography  143, 158
 exercise  158
Electrocorticogram  725
Electrocution  149
Electrodermal response 766
Electroencephalogram 165, 725, 766
 effects of yoga 766
 silent  727
Electroencephalography
 magnetic  733
Electrogenic pump
 sodium  118
Electromyography  532-535
 during fatigue  552
Electron transport chain  18, 31
Electro-oculogram
 during sleep  728
Electrophysiology
 of heart  127
Electroretinogram  624
Electrotonic spread  121,  509
 at synapses  581
Elementary particles  18
Emboliform nucleus  687
Embolism  195
 air  173, 288
Embryo  498, 499
EMG (see electromyography)
Emission  491
Emotions  702, 703,712
 neurophysiology  713
Encephale isole  729
End arteries  155
End diastolic volume
 during exercise  547
End plate  517
End plate potential  518
 miniature  518
End systolic volume
 during exercise  547
Endocrine function
 of hypothalamus 709,705
Endocrine system 451
 and nervous system  584
Endocrine(s)  451
 and aging  38
 effects of yoga 767
 responses to exercise  550
Endogenous clock 710
Endogenous pyrogen  273, 730
Endolymph  639
Endopeptidase  335
Endoplasmic reticulum  16
 rough  16
 smooth  16
Endorphin(s) (see also enkephalins)
 as neuroactive peptide  585
 and pain relief  599,600
 and exercise  550
Endothelins  181
Endothelium  97, 112
Endotoxic shock  190
Energy cost of activity (ies)  384
Energy metabolism  381
Energy  
 cost of breathing  240

 for muscle contraction  529
 from glycolysis  530
 recommended allowance  412
 requirements during pregnancy  412, 414, 

415
 units  375
Enhancer  25
Enkephalins (see also endorphins)  600
 as neuroactive peptides  585
Enteric nervous system  300
Enterochromaffi ne cells  310
Enterogastric refl ex  316
Enterogastrone  316
Enterohepatic circulation
 of ammonia and urea  346
 of bile salts  329, 365
 of vitamin B12  340
Enteroinsular axis  474
Enterokinase  335
Entero-oxyntin  316
Enteropancreatic refl ex  328
Entorhinal cortex  669
Environment  267
 and genetic expression  26, 
 internal  5, 9
EOG (see electro-oculogram)
Eosinophils  68, 74
Ependymal cells  568, 569, 574
Epidermal growth factor  417
Epididymis  488, 490
Epimysium  514
Epinephrine (see adrenaline)
Epithelium 
 respiratory  218
Epoxyeicosatrienoic acids  197
EPSP (see excitatory postsynaptic potential)
Equilibrium potential  117
 chloride  118
 potassium  118
 sodium  118
Ercalciol  399
Erection  491
 during sleep  728
ERG (see electroretinogram)
Ergocalciferol  399
Ergonomics  543
Ergot  699
Erlanger  161
Erlanger and Gasser
 classifi cation of nerve fi bres  512, 513
Error catastrophe theory  39
Erythroblastosis foetalis  91,248
Erythrocyte sedimentation rate 780
Erythrocytes 31
 (see also red Blood cells)
Erythropoiesis  51
 regulation 53
Erythropoietin  53, 60, 64, 67, 426
Eserine   520
Esophageal pressure  237
Esophageal sphincter 
 lower  307
 upper  306
Essential amino acids  395
 nutritional aspects  336
Essential fatty acids  391
Estradiol  495, 501
 (see also estrogens, oestrogens)

Estrogens  470, 486, 487, 494, 493,495-497,  
 499, 500, 501, 503

 fetal  501
ET (see endothelins)
Ethylenediamine tetra-acetate  97
Eukaryotes  18
Eustachian tube  636, 637
Euthyroidism  466
Evans’ blue  103, 160
Evoked potential  595
 auditory  654
 in sensory cortex  593, 595
Evoked unit activity
 (see evoked potentials)
Evolution
 of excretory system 423
 of life  14
 of nervous system  562
 of organ systems  9
 of respiratory system  215
 of the eye  612
Excitation-contraction coupling  522
 in smooth muscle  538
Excitatory postsynaptic potential  578
 and EEG  725
Excretory system 423
 and aging  38
Exercise  545, 555
 and aging  38, 40
 and blood pressure  184
 and melatonin  479 
 and metabolic rate  383
 and target heart rate  554
 and temperature regulation  270
 at high altitude  285
 blood fl ow  168
 cardiovascular responses  545
 electrocardiography  158
 endocrine responses  550
 energy supply  529
 for prevention of backache  543, 544
 fuel supply  530
 intensity  554
 J-receptor stimulation  245
 metabolic adjustments  551
 muscle blood fl ow  201
 oxygen debt  530
 prescription  553
 respiration during  223
 respiratory responses  548
 role of J-receptors  178
 skeletal muscle blood fl ow  545
 skeletal muscle responses  549
 training (see physical training)
 yogic  555
Exercise test  256
Exocytosis  20,518
Exopeptidase  335
Exophthalmos 466
Expiration  234
Expiratory neurons  243
Expiratory reserve volume  220
External ear  636
Exteroceptors  586
Extracellular fl uid  101
Extraocular muscle  611,629
Extrasystole  134
 atrial  148
 ventricular  149
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Extrinsic factor  63
Extrinsic system 
 of coagulation  96
Eye (see also vision)
 structure  610
Eye 
 refraction  614
 evolution of  612
 nerve supply  611
 reduced  615
 refraction 
  errors of  615
Eye movements  629

F
F Cells  472
F1  particles  18
FABP (see fatty acid binding protein)
Fabricius  5
Facial expression in emotion  713
 smile  713,717
 feelings  713
Facilitated diffusion (see diffusion, facilitated)
Facilitation 581, 583
 post-tetanic  579
 presynaptic  579
Factor(s)
 coagulation  95
Faecal fat  361
Faecal nitrogen  362
Fallopian tube  493
Fallot
 tetralogy of  207
Fasciculation  534
Fastigial nucleus  687
Fat
 absorption  336

 tests  361
 digestion  336, 417
 fermentation in the colon  347
Fatigue  551
 in isolated nerve-muscle preparation  552
 at neuromuscular junction  519
 at synapses  580
Fats (see also Triglycerides and other individual 

fats)
 animal  390
 saturated  390
 unsaturated  390
 vegetable  390
 body  390
 dietary  390
 digestion, in jaundice  57, 58
 metabolism  468, 472
Fatty acid binding protein  337
Fatty acids  390
 beta oxidation  18
 classifi cation  390
 essential  391
 oxidation  18
Fear  701,709
Feedback (see also negative feedback and 

positive feedback)
Feedback  10
 and thermoregulation  272
 negative  10, 12, 177
 positive  12

Feeding behaviour 709
Feeding centre  707
Fenestrated capillaries  169
Fermentation
 in colon  345
Ferritin   341
Fertilization  491, 498
Fetoplacental unit  500
Fetus  499
FEV1  220, 240, 250
Fever  273, 710
 metabolic rate in  383
Fibre (s)
 Purkinje  115
Fibre (see dietary fi bre, nerve fi bres, muscle 

fi bres)
Fibrillation  534
 atrial  149, 154
 ventricular  149, 154
Fibrin  95
Fibrinogen  47,95
Fibrinolysin  96, 496
 in menstrual blood  496
Fibroblasts  67
Fick  378
Fick’s principle  159
 for cardiac output  159,164
FIGLU excretion  64
Filariasis
 oedema in  170
Filtration (see also glomerular fi ltration)
First degree heart block  150
First heart sound (see heart sound)
Flagellum  19
Flatus  346
Flaxedil  520
Fleming, Alexander  317, 611
Flemming  24
Flexion refl ex  680
Flocculation tests  367
Flocculonodular lobe  687
Flosdorf  47
Flow-volume curve
 respiratory  251
Fluid
 balance  101
 compartments  101
 determination  101
 extracellular  101
 interstitial  8, 101
 intracellular  45, 101
 regulation  34, 102
Fluid balance  101
 role of ADH  462
Fluid mosaic model  14
Fluid volume
 regulation  34, 102
Fluorescent antibody technique  82
Fluoride  31
Fluorine  409
Flutter
 atrial  149
Foetal circulation  204
Folic acid  403, 414, 415
 absorption of  339, 340
 defi ciency  62
 interaction with vitamin B12  62, 65, 404

Follicle
 primordial  493, 494
 thyroid 464
Follicle stimulating hormone 462, 486, 487,  

 490, 492, 494-497, 502, 503
Follicular phase (see menstrual cycle)
Food  375
 allergies  353, 356
 functions  375
Food intake
 role of hypothalamus 707
Foramen of Magendie  569
Foramen ovale  205
Foramina of Luschka  564
Foramina of Monro  568
Force-velocity relationship
 in skeletal muscle  529
Forced expiratory volume  250
 in cardiac muscle  136
Forel, August  562
Formiminoglutamic acid excretion  64
Forssmann, Werner  140
Fourth heart sound (see heart sound)
Fovea centralis  610, 618
Fowler’s method
 for dead space  253
Frank-Starling mechanism  163
Free fatty acids
 mobilization 461
Free radicals  261, 399, 67, 72
 and oxygen toxicity  287
 theory of aging  39
Frostbite  181, 202, 282
FSH (see follicle stimulating hormone)
Fuel
 during exercise  551
 for muscular contraction  530
Fulton, J.  707
Functional residual capacity  220
 effect of airway resistance  240
 measurement  252
Fundic glands  310, 311
Fundus examination
 importance  572
Funk  379
Funny current  129
Furosemide 433
Fuzzy coat  331

G
G cells  312, 314
G protein(s)  457, 458
G0 , G1, G2 phases  52
G1 phase  21
G6PD defi ciency (see glucose 6-phosphate 

dehydrogenase defi ciency)
GABA (see gamma aminobutyric acid) 
GAD (see glutamic acid decarboxylase)
Gain  11
 of temperature regulatory system  273
Galanin  708
Galen  4, 6, 45, 242, 377, 476, 561
Gallamine  520
Galvani, Luigi  561
Galvanic skin response 766
Gamete  22, 25
 female  493
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Gametes
 male  488
Gamma aminobutyric acid  580, 584
Gamma globulins (see globulins, gamma)
Gamma motor neuron(s)  676
Gamma-aminobutyric acid  300, 688
Ganglion cells
 in retina  618, 620, 622, 626
Gap cycle  52
Gap junctions  15
Gap terminology  21, 52
Gas equation  216
Gas laws  215
Gastric emptying  316
Gastric function tests  358
Gastric glands  310
Gastric inhibitory polypeptide  314, 316
 and gastric acid secretion  314
Gastric motility  350
Gastric phase 
 of pancreatic secretion  327
Gastric secretion
 cephalic phase  314
 gastric phase  314
 intestinal phase  315
 of acid  310
 regulation of 

  history of  317
Gastrin  312, 313, 315, 351, 456
 and pancreatic secretion  327
 as neuroactive peptide  585
Gastrocolic refl ex  351
Gastrointestinal hormones (see individual 

hormones)
 as neuroactive peptides  585
Gastrointestinal motility
 (see motility, gastrointestinal)
 stomach  316
Gastrointestinal system  293
 effect of thyroid 466
Gastrointestinal tract (see also digestion gut, 

and alimentary canal)
 blood fl ow  298
 functions  293, 296, 297, 355
 innervation  300
 motility  349-352, 387
 secretions  293
 structure  296
Gate control theory  598, 600
G-CSF (see granulocyte-colony stimulating 

factory)
Gene(s)  20, 27
 effect of hormones  456
 expression  25
 molecular basis  24
 regulatory  25
 repressor  25
Generator potential  587
Genetic code  24
Genetic factors
 and peptic ulcer  322
Genetic profi le  27
Genetic theory of aging  39
Genetics  22-27
Genetics
 and immunity  86
Genome  25, 27

Genotype  27
Germ-free animals  347
GFR (see glomerular fi ltration rate)
GH (see growth hormone)
GHRH (see growth hormone releasing 

hormone)
Gibbs-Donnan equilibrium  32,  230
Gigantism 461
Gill withdrawal refl ex  734
GIT (see gastrointestinal tract)
Gita  743, 751
 yoga of  748
 and sympathetic effects  698
Gland(s)
 endocrine  451
Glans penis  491
Glaucoma  612
Glia (see neuroglia)
Glial cells  196, 197
Globose nucleus  687
Globulins  47
 gamma  75
Globus pallidus  689, 424
Glomerular fi ltration 427, 428
Glomerular fi ltration rate 428
 and aging  38
 measurement  429
Glomerulotubular balance 430
Glomerulus
 renal 424
Glomus cells  246
Glossitis  401
Glucagon  456, 472, 474
 and exercise  551
 as neuroactive peptide  585
Glucocorticoid(s)  456, 468, 501
 and basophils  69
 and cold stress  279
 and eosinophils  68
 in fetus  500
Gluconeogenesis 461, 472, 474
 in newborn  36
Glucoreceptors
 in hypothalamus  707
Glucose 6-phosphate dehydrogenase defi ciency  

61
Glucose
 absorption  332
 blood level

 regulation of  365
 metabolism  50
 renal reabsorption  431
Glucose tolerance
 and exercise  551
Glutamate, 584
Glutamic acid decarboxylase   584
Glutamine
 in kidneys 439
Glycaemic index  386
Glycine  584
14C-glycine-bile acid test  362
Glycocalyx  296, 331
Glycogen 
 as source of glucose  529
 muscle
  and diet  553
Glycogenolysis  468, 474

Glycolysis
 aerobic  530
 anaerobic  31, 530
 during exercise  551
 effect of insulin 472
 effect of thyroxine 465
 energy yield  530
GM-CSF (see Granulocyte-macrophage colony 

stimulating factor)
GnRH (see Gonadotropin releasing hormone)
Gogli, Camillo  16
Goitre 466
Goitrogens  408
Gold thioglucose  707
Golden age  4
Goldstein, Avram  600
Golgi cells  687, 688
Golgi complex  16
Golgi tendon organs  515, 679
Golgi, Camillo  561
Gonadotropin releasing hormone 456, 486, 487, 

490, 495, 502
 as neuroactive peptide  585
Gonadotropins  486
Gonads (see also testes and ovary)
 growth  35, 36
 and aging  37
Gopalan C  380, 401
Gossypol  503
Gowans  78
G-protein(s)  470
Gram-negative shock  190
Granick  341
Granule cells
 neurotransmitter  584
Granulocyte  66, 67
Granulocyte-colony stimulating factor  67, 69
Granulocyte-macrophage colony stimulating 

factor  67, 68
Granulocytes  17
Granulopoiesis  66, 67
 regulation  67
Granulosa cells  493, 494
Graves’ disease  466
Gravity
 effect on pulmonary blood fl ow  193
Grouping
 of blood  88, 89
Growth  35, 460, 472
 effect of protein quality  396
 role of estrogens  495
 role of thyroid 465
Growth factors  417
Growth hormone  456, 460, 501
 and erythropoiesis  53
 and exercise  550
 as neuroactive peptide  585
 interaction with thyroid 465
Growth hormone releasing hormone 460
 as neuroactive peptide  585
GSR (see Galvanic skin response)
Gustatory sense (see Taste)
Gut (see Gastrointestinal tract, and Alimentary 

canal)
Gut hormones
 as neuroactive peptide  585
 motility  308
Guyton, Arthur  169, 183
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H
H band  514
H refl ex (see Stretch refl ex)
H+, K+ ATPase  31, 311
H2 histamine receptors  313
Habituation  734, 736
Haeckel  24
Haematocrit  50, 102
 correction  102
Haemodialysis  444
Haemoglobin  50, 55, 224
 as a buffer 437
 at high altitude 284
 catabolism  55
 foetal  206, 229
 glomerular fi ltration  434
 in foetus  248
 in newborn  248
 role in carbon dioxide transport  230
Haemoglobin-oxygen dissociation curve  

226-229
Haemophilia  97
 inheritance  98, 100
Haemopoiesis  51, 64, 67
 (see also erythropoiesis, leucopoiesis and 

thrombopoiesis)
 extramedullary  64
Haemorrhage  171, 179, 184, 188, 195, 257
 hypoxia in  257
Haemorrhagic disorders  97, 98
Haemostasis  95
Hair cells
 auditory  642
 in vestibule  682
 of cochlea  639, 640
 vestibular  657
Haldane effect  231-232
 and Bohr effect  232 
Haploid  25
Hapten  75
Hargitay 427
Harvey, William  5, 7, 88
Hath yoga  746
Haustra  351
hCG (see human chorionic gonadotropin)
HCN channels  130
HCO3

– ATPase  311
HCS (see somatomammotropin)
Head’s paradoxical refl ex  245
Health  3
Hearing  635
 aids  655
 and aging  39
 defects  652
 evaluation  652
Heart  109
 and aging  38
 blood supply  155
 conduction system  115
 conduction tissue  115
 defects  150
 electrical axis  146
 Frank-Starling mechanism  163
 innervation  174
 murmur (s)  141
 nutrition and metabolism  155

 pacemaker  115
 refl exes  179
 Starling’s law  135, 162
 transplanted  555
 vagal tone  175
 valve 111, 112, 137-139

 diseased  141
Heart block  150
Heart disease
 congenital  207
Heart failure  190, 90
 and body fl uids  104
 and fl uid retention  104
Heart lung preparation  162, 164
Heart rate
 factors affecting  164
 in exercise  546
 regulation  175
Heart sound (s)  138-141
 abnormal  141
 areas  141
 in disease  141
 anatomy  114
 structure  114
Heat (see hot environment)
Heat cramps  277
Heat exhaustion  277
Heat production
 in muscle  531
Heat stroke  277
Heat syndromes  277
Heidenhain, Rudolf  427
Helicotrema  639
Helium dilution method
 for FRC  252
Helmholtz, Hermann  5, 623, 628
Helper T cells  83
Hemianopia  627
Henderson-Hasselbalch equation 435, 436 
Henle, loop of  425, 431
Henry’s law  217
Heparan sulphate  97
Heparin  68, 87
Hepatic blood fl ow  199, 364
Hering-Breuer refl ex  244
Herniation
 of medulla oblongata  572
Hess 699
Heterosomes  20
Heterozygous  23
Hewson, William  46
Hexamethonium  696, 697, 699
Hiccup   248
High altitude 
 acclimatization to  284
 and 2,3-DPG  284, 229
 and intrauterine environment  249
 and respiratory function  283
 effects of  283
High altitude pulmonary edema  286
High output cardiac failure  191
Hill, AV  531, 524
Himsworth  388
Hippocampus 669, 701
 and memory  738
 neurotransmitter  584
Hippocrates  3, 4, 88, 376

His
 bundle of  115
  branches, block of  150
His, Wilhem  562
Histamine  73, 182, 313, 584
Histamine 
 for gastric function  359
Histamine receptors 
 H2 type  313
History  4
 beriberi  63
 of acetylcholine  176
 of blood  46
 of blood transfusion  88, 89
 of genetics  22, 23
 of immunology  72, 73
 of lysozyme (s)  611
 of neural transmission  176
 of neurobiology  561
 of nutrition  375
 of phagocytosis  73
 of regulation of gastric secretion  317
 of renal physiology  427
 of  scurvy  377
 of stethoscope  140
 of vitamin  K  379
 of vitamin C  377
 of vitamins  379
 pernicious anaemia  63
Histotoxic hypoxia  257
HIV virus  87
Hodgkin  121
Hollander test  359
Homeostasis  3, 5, 10, 782
 contribution of muscles  507
 role of CSF  570
 role of endocrines 453
Homing
 of lymphocytes  354
Homozygous  23, 25
Hooke, Robert  8, 14
Hooker  161
Hookworm  
 iron loss  407
Hopkins  379
Hormonal regulation (see also regulation)
 of cardiovascular function  180
Hormone response element  456
Hormones (see also individual hormones)  451
 and aging  39
 placental  500
 sex  486
 steroid  500
 transport  48
Hot environment
 acclimatization to  275
 responses to  275
 thermoregulation in  275
HRE (see hormone response element)
5-HT (see 5-hydroxytryptamine)
Hubel  631
Hudspeth  642
Hughes, John  600
Human chorionic gonadotropin  456, 499
 antibody to  501, 503
Human chorionic somatomammotropin
 (see somatomammotropin)
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Human genome project  27
Humoral immunity
 in the gut  355
Humoral regulation (see regulation)
Humors 45
Hunger  350
 contractions  350
Hunter, John  318
Hunting reaction
 of Lewis  279
Huxley  121
Hybridoma  22, 79
Hydrocephalus  572
Hydrochloric acid 
 secretion by stomach  310
Hydrogen
 breath  348
Hydrogen ions (see also pH)
 and pain  597
 renal secretion  438
Hydrolysis  519
Hydroxycholecalciferol  467
5-hydroxytryptamine 
  (see also serotonin)  584
 and pain  597
Hyperaldosteronism
 oedema  170
Hyperbaric oxygen  261
Hypercapnia
 of respiratory failure  260
Hypercolumns
 in visual cortex  632
Hypercomplex cells
 in visual cortex  632
Hyperkalaemia
 and acidosis 440
 during hypothermia  281
 on a low sodium diet 434
Hypermetropia  616, 617
Hyperphagia 707
Hyperpnoea
 during exercise  549
Hypersensitivity  469
Hypersplenism  61
Hypertension  186, 443
 causes  186
 classifi cation  186
 leading to ventricular failure  191
 treatment 769
Hyperthyroidism  191, 466
 metabolic rate  383
Hypertonic solution  34
Hypertrophy
 of ventricles  152
Hyperventilation  154, 260, 262
 at high altitude  283
 during exercise  549
Hypocalcemia  262
 and alkalosis 441
Hypophysis (see pituitary)
Hypopolarization  119
Hypoproteinemia  363
Hypothalamic hormones
 as neuroactive peptides  585
Hypothalamo-hypophysial axis
 and aging  39

Hypothalamo-hypophysial relationship  705, 
706

 portal vessels 460, 461
Hypothalamus  705
 and ADH secretion  104
 and ANS 699
 and sleep  730
 as part of limbic system 701
 and temperature regulation  271
 and thirst  103
 and water intake  103
 hormones  460
 osmoreceptors  462
 periventricular zone 702
 role in reproduction  486, 487, 490
Hypothermia  280
Hypothyroidism  60, 466
 metabolic rate  383
Hypotonic solution  34
Hypoventilation 
 hypoxia in  257
Hypovolemia  188
Hypoxia  257
 and oxygen therapy  260
 cyanosis in  258
 during hypothermia  280
 effects on CNS  284
 in foetus  206
 in uterus  249
 of respiratory failure  260
 response of pulmonary vasculature  195

I
I band  514
ICF (see intracellular fl uid)
ICSH (see interstitial cell stimulating hormone)
Idioventricular rhythm  134, 150, 154
IgA 
 intestinal  355-357
IgE  69, 76
IGF-I (see insulin-like growth factor-I)
IgG 
 in liver disease  356
IL-1 (see Interleukin-1)
IL-2 (see Interleukin-2)
IL-3 (see Interluekin-3)
IL-5 (see Interleukin-5)
Ileogastric refl ex  351
Ileum  331
Imitative learning  734
Immune functions  71
 of liver  356, 366
Immune mechanisms  71
 and fever  273
 in infections  273
Immune response 
 genetic factors  86
 primary  78, 80
 regulation  84
 secondary  78, 80
Immune system  71
 and cancer  21
Immunity 
 acquired  75
 and aging  37
 and breastfeeding  417

 and melatonin  479
 cell mediated  76
 humoral  75
 in newborn  36
 innate  71

  vs. acquired  71
 regulation  84
 role of lungs  195
 role of lymphatics  170
 specifi c  75
Immunization

 to gut antigens  356
Immunoassay  82
Immunoblotting  82
Immunoglobulins  75, 92
 (see also antibodies)
 (see also IgA, IgD, IgE, IgG and IgM)
 classifi cation  75
Immunohistochemistry  82
Immunological tolerance  78, 85
Immunology  71
 history  72, 73
 of the gut  353-357
Immunosuppression  
 effect of glucocorticoids 469
IMP (see intramembrane particles) 
Impedance matching
 in ear  637
Implantation  498, 499
Impulse
 nerve  509
 nerve/muscle  120
 propagation of  509
IMS (see inner membrane spheres)
IMX (see isobutyl methylxanthine)
Incisura (in arterial pulse)  139
Inclusions
 cellular  20
Incompatibility
 of blood  90, 93
 Rh  91, 93
Incompetence
 of heart valves  141
Incus  637
Indian science  7
Indicator dilution method  160
 for cardiac output  160
Indices 
 haematological  50
Indocyanine green excretion  367
Indomethacin  321
Inducer  25
Infancy (see also Newborn, Neonate, 

Childhood)
 blood-brain barrier  573
Infant
 nutrition  416
 premature  261
Infection(s)
 opportunistic  71
Inferior colliculus  647
Infl ammation
 effect of glucocorticoids  469
Inheritance
 blood groups  89, 93
 multifactorial  26
Inhibin  489, 490, 494
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Inhibition
 competitive  30
 lateral  579
 of ATPase  31
 presynaptic 579
Inhibitory neurotransmitter(s)
 GABA  584
 glycine  584
Inhibitory postsynaptic potential  578
 and EEG  725
Initial heat  532
Inner ear  639
Inner membrane spheres  18
Innervation
 renal 425
Inositol triphosphate  539
Insecticide poisoning  520
Inspiration  233
Inspiratory capacity  220
Inspiratory neurons  242
Inspiratory reserve volume  220
Insulin  417, 456, 472, 501
 and exercise  551
 and pancreatic secretion  328
 as neuroactive peptide  585
 for gastric function  359
 receptors  388
Insulin-like growth factor-I  460
Integral yoga  749
Intercalated cells
 in kidneys 439
Intercalated disc  16, 114, 135
Intercellular  20
Intercostal muscles
 role in breathing  233, 234
Intercostal refl exes  245
Interferon(s)  73
Interleukin-1  67, 69, 273
 and sleep  730
Interleukin-2  80
Interleukin-3  67, 68
Interleukin-5  68
Internal environment  101
Interneurons  679
 basket cells  687, 688
 Golgi cells  687, 688
 stellate cells  687, 688
Interoceptors  586
Interphase  21
Interpleural pressure  234
Interstitial cell stimulating hormone  
  462, 487
Interstitial cells  488
Interstitial fl uid  102
 in brain  196
 pressure  169
Intervertebral disc  541  
Intestinal absorption (see absorption)
Intestinal blood fl ow  199
Intestinal microfl ora  365
Intestinal phase 
 of pancreatic secretion  327
Intestine 
 absorption tests  360
 and aging  38
 microvilli  20
 motility  387
 small  331

Intestointestinal refl ex  351
Intracellular fl uid  101
Intracranial pressure  571
Intraepithelial lymphocytes
 in the gut  354
Intraesophageal pressure  237
Intrafusal fi bres  676
Intragastric titration  358
Intramembrane particles  297
Intraocular pressure  612
Intrapleural pressure  235
Intrapulmonary pressure  234
Intrauterine contraceptive device  503
Intrinsic factor  64, 339, 340
 source   310
Intrinsic system
 of coagulation  96
Inulin clearance 429
Iodine  407
 and thyroxine synthesis 464
 defi ciency  466
Iodized salt  407, 466
Iodo acetate  31
Ionic current  121, 122
IPSP (see inhibitory postsynaptic potential)
Iris  610
Iron  407
 absorption  341
 defi ciency  61
 during pregnancy  414
 recommended allowance  412
Iron lung  262
Irreversible shock  190
Irritant receptors
 respiratory  245
Ischemic response, CNS  179
Islets of Langerhans 472
Isobutyl methylxanthine 
 and gastric acid secretion  313
Isohydric principle 442
Isometric contraction  526
 of ventricle(s)  138
Isometric relaxation
 of ventricle(s)  139
Isoniazid 
 interaction with pyridoxine  403
Isoprenaline 697
Isoproterenol 697
Isosmotic solution
 amphibian  34
 mammalian  34
Isotonic contraction  526
Isotonic solution  34
Isovolumetric contraction
 (see isometric contraction)
Isovolumetric relaxation
 (see isometric relaxation)
IUCD (see intrauterine contraceptive device)

J
J chain  
 of IgA  355
J point  151, 153
J receptors  178, 194, 245
James, William  712
Jaundice  55
 aetiology  56
 haemolytic  56, 57, 58

 hepatic  56, 57, 58
 obstructive  56, 57, 58
 physiological  58
Jejunum  331
Jenner, Edward  72
Jet lag  480
JGA (see juxtaglomerular apparatus)
Jnana yoga  748
JND (see just noticeable difference)
Jugular venous pulse  138, 139
Just noticeable difference  595
Juxtaglomerular apparatus  200, 426
Juxtaglomerular cells  469
Juxta-pulmonary capillary receptors  178

K
Kallikrein  181
 and salivary secretion  305
Kandel, Eric  734
Kapalabhati  758
Karma yoga  748
Karvonen equation  554
Kernicterus  91, 573
Keshan disease  408
Khorana, Hargobind  24
Kidney  423
 action of ADH 462
 and acid-base balance 437
 and parathyroids  467
 and vitamin D  467
 and vitamin D metabolism  399
 artifi cial 444
 disease (s)  48, 60, 170, 186, 346, 443
 erythropoietin production  53
 failure (see renal failure)
 function tests 445
 transplantation 445
Kidney disease  48, 60, 170, 186, 443
 prevention 445
 and colonic fermentation  346
Kininogens  181
Kinins  181
Kinocilium  658
Kleitman, Nathaniel  727
Kluver-Bucy syndrome 703
Korotkow’s sounds  172, 184
Korsakoff’s psychosis 703
Kosterlitz, Hans  600
Krebs cycle
 enzymes  18
Kriyas  758
Kuhn, Werner  427
Kundalini  750
Kupffer cells
 function  356
Kymograph  5

L
La Place’s law  172, 236
Labelled line code  595
Labour  12, 501
Labyrinth  639, 657
Labyrinthine refl exes  662
Lacrimal glands  610
Lactase  332
 and aging  38
 defi ciency  334
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Lactation  495, 501-502
 nutrition during  414, 415
 role of oxytocin 463
 role of prolactin 461
Lactic acid  530
 and fatigue  552
Lactic dehydrogenase  368
Lactoferrin  417
Lactase defi ciency
 tests for  361
Lactose intolerance  334
 tests for  361
Lactose tolerance tests  361
Laennec, Rene  140
Lamina propria  296, 354
Laminar fl ow  238, 168
Landois  88
Landsteiner, Karl  88
Landsteiner’s law  89
Lange, C.G.  712
Langerhans
 islets of 472
Large intestine  344-348
 absorption of water  338
Lashley  738
Lateral geniculate nucleus  626, 631
Lateral hypothalamus
 and food intake  707
Lateral inhibition
 in retina  622
 in spinal cord  579
Lateral lemniscus  647
Lavoisier  377, 381, 89
LBBB  (see left bundle branch block)
LDH  368
LDL (see low density lipoprotein)
Learning  702, 733
Lecithin  390
Left axis deviation  147
Left bundle branch block  151
Left ventricular hypertrophy  152
Length-tension relationship
 in cardiac muscle  135
 in skeletal muscle  528
Lens  614, 628
 cataract  616
Lerner AB  476
Leucine hypothesis  401
Leucocytes (see also white blood cells) 67
Leucocytes
 in menstrual blood  497
Leucopoiesis  66
Leucotrienes  391, 392
Lewis’ hunting reaction  279
Leydig cells  488
LFT (see liver function tests)
LGN (area 17)  717
LH (see luteinizing hormone)
Libido  495
Liebig   378
Lifespan
 of platelets  94
Lifestyle 772, 781
 and backache  543
 and health  555
Light refl ex  627
Limbic system  683, 701

 and ANS  699
 and affect  702
 connections with hypothalamus 706
Lind, James  377
Linoleic acid  391
Lipase   337
 bile salt stimulated  417
 in milk  417
Lipid
 digestion  417
Lipids (see also Fats)
 catabolism during exercise  551
 hepatic metabolism  366
Lipofuscin  38, 39
Lipogenesis  472
Lipolysis  468, 472
Lipoprotein (s)  387, 392
 and dietary fats  392
 low density  393
Lippe’s loop  503
Lithocholate  365
Liver 
 and coagulation  96
 and vitamin D  467
 biliary secretion  328
 blood fl ow  199, 364
 enlargement  191
 function  16, 96, 364, 399
 function in elderly  38
 function in newborn  36
 function tests  57, 59, 98, 366
 immune function  356
 physiological reserve  38
 propionate metabolism in  346
Liver bilirubin metabolism  55, 56
Liver disease  400
 and colonic fermentation  346 
 IgG levels in  356
 oedema  170
Liver function test(s)  98, 366
Lloyd and Hunt
 classifi cation of nerve fi bres  512, 513
Locomotion  19, 20, 507, 508
Locus ceruleus
 and sleep  728, 730
 neurotransmitter  584
Loewi, Otto  176
Long-term memory  738
Long-term potentiation  738
Loop of Henle (see Henle, loop of)
Love  716, 717
Low density lipoprotein  393
Lower, Richard  88
LTP (see long-term potentiation) 
L-tubules  515
L-type channels  128
Ludwig, Karl 5, 427
Lumbar puncture  571
Lung (see also respiration)
 and acid-base balance  437, 440
 and aging  37
 blood fl ow  193

  regional  193, 195
 capacities  219
  during exercise  548
 function tests  250
 immune mechanisms  195
 volumes  219

Lung disease
 obstructive  240, 250
 restrictive  240, 250
Lunin  379
Luschka

 foramina of  564
Luteal cells  494
Luteal phase (see Menstrual cycle)
Luteinizing hormone  456, 462, 487, 490, 492, 

494-496, 499, 502, 503
 as neuroactive peptide  585
LVH (see left ventricular hypertrophy)
Lymphatics  170
Lymphocyte(s)  69, 354
 (see also B lymphocytes and 

T lymphocytes)
 memory cells  78, 80, 82
 in milk  417
 in the gut  354
Lymphoid organ(s)  69
 growth  35
 primary  76
 secondary  76
Lymphokine(s)  77, 80, 84
Lymphopoiesis  69
Lysosome(s)  17, 71
Lysozyme  71
 history of  611
 in milk  417

M
M cells  355
M line  514, 516
M phase  21, 52
m RNA (see ribonucleic acid, messenger)
Macroglia  574
Macrophage 80
Macrophage phagocytic system  55, 71
Macrophage-colony stimulating factor  67
Macrophages  69, 71
 in milk  417
 in the gut  354
Macula densa  425
Macula lutea  610
Magendie
 foramen of  569
Magendie, Francois  5
Magnetic resonance imaging  733, 738
Magnetoencephalography  733
Magoun  729
Maintenance heat  532
Major histocompatibility complex  77, 80, 83
Malabsorption
 tests for   360
Malathion  520
Malignancy (see cancer)
 oedema in  170
Malleus  637
Malnutrition  170
 during pregnancy  414
Malpighian body 424
MALT (see mucosal associated lymphoid 

tissue)
Maltase  332
Mammary gland (see breast)
MAO (see maximal acid output, or Monoamine 

oxidase)
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Marginal granulocyte pool  66
Mass peristalsis  351
Mast cell(s)  73, 76, 310
Mastication  303
Maximal acid output  359
Maximum breathing capacity   
 (see maximum voluntary ventilation)
Maximum expiratory fl ow rate  250
Maximum mid expiratory fl ow rate  250
Maximum voluntary ventilation  221, 250
MBC (see maximum breathing capacity)
Mc Carrison, Robert  379
Mc Carty  24
MCH (see mean corpuscular haemoglobin)
MCHC (see mean corpuscular haemoglobin 

concentration)
McLeod  24
M-CSF (see macrophage-colony stimulating 

factor
MCT (see medium chain triglycerides) 
MCV (see mean corpuscular volume)
Mean blood pressure  183
Mean circulatory fi lling pressure  183
Mean corpuscular haemoglobin  50
Mean corpuscular haemoglobin concentration   

 50
Mean corpuscular volume  50
Mechanics
 of breathing  233
Mechanoelectric transduction 
 in the ear  643
Mechanoreceptors
 carotid sinus  176
 in urinary bladder  449
Medial forebrain bundle 702
Medial geniculate body  647
Medical curriculum  5
Meditation  760
 physiological considerations  763
 physiological effects  763, 766
Medium chain triglycerides  337, 390
 absorption  337
 digestion  337
Medulla oblongata
 respiratory neurons  242
MEG (see magnetoencephalography)
Megakaryocyte  94
Megaloblast  62, 64
Megaloblastic anaemia  403
Meiosis  21, 22, 25
Meissner, George  300
Meissner’s corpuscle  586
Meissner’s plexus  301
Melanin  462
Melanocyte stimulating hormone  456, 462
 as neuroactive peptide  585
Melatonin  476
 actions  479
 and cancer  480
 and immunity  479
 and sleep  480
 biosynthesis  477
 circadian rhythm  478
 effects of yoga  767
Melzack, Ronald  598
Membrane attack complex  73

Membrane potential  117
 (see also resting membrane potential and 

action potential)
Memory  702, 738
Memory cell  78, 80, 82
Menaquinone  400
Menarche  493
Mendel, Gregor  22
Meninges  568
Menopause  496
Menstrual cycle  493, 495, 502
 and melatonin  479
 follicular phase  493
 luteal phase  494
Menstruation  204, 493, 494, 496, 502
Mental stress (see also 

psychoneuroimmunology)
 and aging  37
 and backache  543
MEPP (see miniature end plate potentials)
Merkel’s disc  586
Messenger
 second 456, 457
Metabolic acidosis
 during hypothermia  281
Metabolic rate
 effect of yoga 766
 of newborn  36
Metabolic
 acidosis 441
 alkalosis 441
Metabolism 
 and pineal  479
 erythrocyte  50
 in exercise 551
 in newborn  36
 lipoprotein  387
 of heart  157
Metabolomics  27
Metallothionein  342
Metamyelocyte  66
Metaphase  21
Metarteriole (s)  166
Metchnikoff  73
Methacholine 697
Methylfolate trap  62, 65, 404
Methylmalonate excretion  64
Metoprolol  697
MGP (see marginal granulocyte pool)
MHC (see major histocompatibility 

complex) 
Microfi laments  18, 19
Microfl ora
 of the gut  347
Microfold cells  354, 355
Microglia  574, 575
Micropuncture  427
Microsomes  16
Microtubules  19
Microvilli  296, 297
 intestinal  20
Micturition 447
Middle ear  636
Mifepristone (see RU486)
Migrating motor complex  350
Milieu interieur  5, 9, 10

Milk
 breast  416, 501-502
 secretion  501-502
Milk ejection refl ex 502, 463
Milk intolerance  334
 tests for  361
Milledge, J.S.  283
Milner, Peter 702
Mind-body medicine  780, 782
Mind-body relationship 769
 (see also mind-body medicine, and 

psychoneuroimmunology)
Mineralocorticoids 456, 469
Minerals
 absorption  340
Miniature end plate potentials  518, 532
Minot, George  46, 63
Minute volume  221
MIT (see monoiodotyrosine)
Mitochondria  18
 at high altitude  285
Mitosis  21-22, 52
Mitral incompetence  141
Mitral regurgitation  141
Mitral stenosis  141
MMC (see migrating motor complex)
MMFR (see maximum mid expiratory 
  fl ow rate)
Monoamine oxidase  579
Monochromats  624
Monocytes  66, 69, 71
Monoiodotyrosine  464
Mononuclear phagocytic system  55, 71, 200
Monophasic potential  533
Monosynaptic refl ex  676, 581
Monounsaturated fats  391
Monro
 foramina of  568
Monro-Kellie doctrine  196, 572
Mood
 and melatonin  480
Morris, Desmond  717
Moruzzi  729
Mossy fi bers  687
Mother Teresa  716
Motilin  350
 as neuroactive peptide  585
Motility
 gastrointestinal

  and aging  38
 intestinal 350, 387
 of the stomach  316
Motion sickness  662
Motor aphasia  733
Motor area
 speech  732
Motor cortex
 and conation  596
 neurotransmitter  584
Motor end plate (see end plate)
Motor function
 of thalamus  592
 role of reticular formation  724
Motor mechanisms
 brainstem  682, 683
 cerebellar  687-689
 cortical  683-686

Index & Excerpts.indd   798Index & Excerpts.indd   798 8/25/2010   11:45:11 AM8/25/2010   11:45:11 AM



In
d
ex

799

 of basal ganglia  689-691
 spinal  676-681
Motor nerve  517
Motor neuron(s)
 alpha  517, 676, 684
 gamma  676
Motor system  675
Motor unit 517, 524
Motor unit potential  532
Mountain sickness  286
Movement  20
 intestinal  350, 387
 of stomach  316, 349
 skeletal muscle  675
 voluntary  507
MPS (see macrophage phagocytic system)
MRI (see magnetic resonance imaging)
MSH (see melanocyte stimulating hormone)
Mucosal associated lymphoid tissue  77
Mucosal block theory
 of iron absorption  342
Mucous cells  310
Mucus 
 protective role in stomach  320
Mudd  47
MUFA (see monounsaturated fats)
Muller, Johannes  5
Muller-Lyer lines 767
Multi-CSF  67
MUP (see motor unit potential)
Muramyl dipeptide  730
Murmur (s)
 cardiac  141
 in anaemia  168
Murphy, William  63
Muscarine 697
Muscarinic receptors  312
Muscle (s)
 and homeostasis  507
 antagonistic  679
 cardiac  114-116, 155
 contraction  20
 during exercise  549
 extraocular  611, 629
 hyperplasia  550
 hypertrophy  549, 550
 of respiration  233, 234
 papillary  116
 pump  171
 skeletal  115, 155, 507
 smooth  115, 167, 536
 tone  678, 683, 689
Muscle blood fl ow  201
Muscle contraction
 action of glucocorticoids  469
 ratchet mechanism  523, 524
 sliding fi lament theory  524
Muscle fi bre(s)  514
 extrafusal  515
 intrafusal  515
 red  514
 white  514
Muscle length
 regulation of  764
Muscle spindle  676, 515
Muscle tone  532
 during sleep  728

Mutation(s)  39
 and aging  39
MVV (see maximum voluntary ventilation)
Myasthenia gravis  520
Myelin  510
Myelinated nerve fi bres  510
Myeloblast  66
Myelocytes  66
Myeloid/erythroid ratio  70
Myocardial infarction  151
 and blood pressure  185
Myocardial ischaemia  151, 158
Myocardial metabolism  157
Myoepithelial cells
 effect of oxytocin  463
Myofi brils  514
Myofi laments  514
Myoneural junction
 (see neuromuscular junction)
Myopia  616
Myxedema 466

N
Na, K-ATPase
 renal 431
Nadis  750
National Institute of Nutrition 
 history of  379
Natural killer cells  73
Nauli  758
Neck refl exes  683
Negative feedback  10, 12
 and thermoregulation  272
 in and gastric acid secretion  314
 in spinal cord  579
Neher  124
Neonatal circulation  206
Neonate (see Newborn)
 nutrition  416
Neoplasia (see Cancer)
Neostigmine  520, 697
Nephron(s)  423
 juxtamedullary 433
Nernst equation  117
Nerve fi bre  509
 A-delta  597
 C  598
 classifi cation  512, 513
 degeneration  513
 fast pain  597
 injury   513
 motor  517
 myelinated  510
 regeneration  513
 slow pain  597, 598
Nerve gases  520
Nerve impulse
 antidromic conduction  180
 conduction  509
Nerve injury(ies)  513
Nerves
 to blood vessels  174, 175
 to heart  174, 175
Nervi erigentes  351
Nervous system (see also central nervous 

system) 
 and aging  39

 and endocrine system  584
 effect of thyroid 466
 effects of yoga 766
 evolution  562
 history  561
 motor functions  675
 sensory function  586
 structural organization  563
Net protein utilization  396
Neti  758
Neural control 
 of micturition 448
Neural regulation 
 of temperature  271  
Neural regulation (see also regulation)
 of cardiovascular function  174
 of coronary blood fl ow  156
Neural
 growth  35
Neuroactive peptides  585, 697
 infl uence of ANS 8 697
Neurobiology
 history  561
Neurocrine  20
Neuroendocrine function
 of hypothalamus 705
Neuroendocrine regulation
 of immune response  85
Neuroendocrine
 responses to emotions  713
Neurogenic shock  190
Neuroglia  574, 575, 568
Neuroma  513
Neuromodulators  583
 and emotions  713
Neuromuscular blocking agents  519
Neuromuscular junction  517
 in smooth muscle  537
Neuromuscular transmission  517
 blockers  519
 pharmacology  519
 physiology  517
Neuron(s)  507, 509, 562, 563
 alpha motor  676
 expiratory  243
 gamma motor  676
 inhibitory  579
 inspiratory  242
 Renshaw  579
Neuronal doctrine  563
Neuronal plasticity  717, 768
Neuropeptides
 and emotions  713, 768
Neuropraxia  513
Neurotensin  316
 as neuroactive peptide  585
Neurotmesis 513
Neurotransmitter(s)  20
 and sleep  730
 at synapses  577, 583
 central  583
 criteria for  583
 in reticular formation  723
 modulation of  738
 of Purkinje cells  688
 putative  584, 585
 transport  20
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Neutrophil(s)  66, 71
 drumstick  485
 functions  68
 in milk  417
Newborn
 absorption  of antibodies  336
 breathing  207
 circulation  206, 207
 lipid digestion  417
 nutrition  416
 physiological functions  35-36
 the fi rst breath  247-249
Nexus  16
Niacin  401
Nicotinamide  401
Nicotine 696
Nicotinic acid  401
Nifedipine  128, 132
Night blindness  398
Nigrostriatal pathway  691
Nirenberg  24
Nissl granules  513
Nitric oxide  182, 456
 and cerebral blood fl ow  197
 role in erection  491
Nitrogen balance
 method for protein quality  395
Nitrogen concentration
 for lung functions  252, 253
Nitrogen narcosis  288
Nitrogen toxicity  288
Nitrogen washout method
 for FRC  252, 253
Niyama  747
NK cell (see natural killer cells)
NMDA receptors  739
n-Methyl D-aspartate receptors (see NMDA  

 receptors)
NO (see nitric oxide)
Nociceptors  597
Nodal tissue
 electrical activity  129
Non-associative learning  734
Non-local medicine 782
Non-shivering thermogenesis  270, 280
Noradrenaline (see also adrenaline)
Noradrenaline (see also norepinephrine and 

Catecholamines)
Noradrenaline  180, 470, 584, 696, 730
 and sleep  730
 as neurotransmitter in ANS  696
 at synapses  579
Noradrenergic fi bres (see also adrenergic fi bres)
Noradrenergic pathways
 in reticular formation  723
Norepinephrine (see noradrenaline)  584
Normoblasts  52
NPU (see net protein utilization)
Nucleolus  20
Nucleus (see also under names of individual 

nuclei)  20
Nucleus 
 accumbens  701
 basalis  584
 caudate  689
 cerebellar  687, 688
 dentate  687, 688

 during mitosis  21
 emboliform  687, 688
 fastigial  687, 688
 globose  687, 688
 paraventricular 705, 706
 red  683, 685
 tractus solitarius  730
 subthalamic  689
 supraoptic 706, 462
Nutrition Research Laboratories 
 history of  379
Nutrient requirement(s)  411
Nutrient(s)  375
 and aging  40
 and erythropoiesis  53
 and fatigue  552
 during childhood  416
 during infancy  416
 during lactation  415
 during pregnancy  414, 415
 energy content  375
 history of  375
 of heart  155
 parenteral  380
 protein  48
Nystagmus 
 caloric  663
 optokinetic  629 
 vestibular  662

O
Obesity  383, 388
 and backache  543
 and thermic effect of feeding  384
 metabolic rate  383, 384
Occlusion  583
Ocular dominance columns  632
Oddi 
 sphincter of  328
Odours, primary  669
Oedema (see also edema) 170
 diet in  409
Oestrogens (see also estrogens)
 and erythropoiesis  53
Off-centre cells
 in retina  621, 622
Ohm’s law
 applied to blood fl ow  166
 as applied to airways  238
Olds, James 702
Olfaction  668
Olfactory bulb
 neurotransmitter  584
Olfactory pathways  668
Oligodendrocytes  575
Olivary complex 
 superior  647
Olivocochlear fi bres  642
Omeprazole  31, 311
On-centre cells
 in retina  621, 623
Oncogenes  23
Oocytes  493
Operant behavior  734
Operant conditioning  734
Opioid receptors  599, 600
Opioids  600

Opponent cells  623
Opsonin  73
Optic chiasma  626
Optic nerve  626
Optic tract  626
Opticokinetic refl ex  662
Optokinetic nystagmus  629
Oral contraceptives  187, 503
Oral temperature  269
Orbicularis occuli  713, 717
Orbitofrontal cortex  669
Organ of Corti  639
Organ systems (see also individual systems)
 evolution  8
Organelle  16
Organogenesis  20
Orientation columns
 in visual cortex  632
Ornish, Dean  745, 771, 781
Orthopnoea  259
Oscillations  11, 12, 13
 damped  11
 undamped  12
Oscilloscope  509
Osler, William  317, 342
Osmolarity  33, 34
 and osmotic pressure  34
 units  32, 33
Osmoreceptor(s)  103, 462
 in hypothalamus  708
Osmosis  30, 32
Osmotic pressure
 and osmolarity  34
 in renal medulla  433
 of plasma proteins  48
 plasma  169, 172
Ossicles
 in middle ear  637
Osteomalacia  399
Otitis media  652
Otoilith organs  657, 682
Otoliths  657
Otosclerosis  652
Ovarian cycle  493
Ovaries  493
Overdrive suppression  130
Overload
 circulatory  90
Overnutrition
 metabolic rate  383
Overweight (see Obesity)
Ovulation  12, 416, 493, 495, 502
 inhibiting  503
 and breastfeeding  416
Ovum  493
Oxidative phosphorylation  18
 uncoupling  31
 uncoupling by thyroxine 465
Oxygen 
 hyperbaric  198, 228
Oxygen consumption
 effect of thyroxine  465
Oxygen debt  530
Oxygen tent  260
Oxygen therapy  260
Oxygen toxicity  261
 under water  287
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Oxygen transport  223
Oxyhaemoglobin dissociation curve  226-229 
Oxyntic cells  310, 311
Oxyntic glands  310
Oxytocin  456, 463, 501, 502
 and expulsion of milk  502
 and parturition  501
 as neuroactive peptide  584
 release by suckling  416
 source 705, 709

P
300 wave
 in auditory potentials  655
PRU 
 (see peripheral resistance units)
P-450  366
Pacemaker  115, 129, 133
Pacemaker  potential  127, 129
 effect of acetylcholine  130
 effect of adrenaline  130
Pacinian corpuscle  586
Packed cell volume  50, 102
Packed cell volume (see also haematocrit)
Page, Irvine 46
PAH clearance 429
Pain  597
 and fatigue  551, 552
 effect on blood pressure  184
 relief  779

  role of reticular formation  724
Paintal, A.S.  178, 193
Pancreas (see also pancreatic islets)
 and aging  38
 endocrine 472
 enzymes  325
  amylase  332
  colipase  337
  lipase  337
  proteolytic  335
 secretion of  325
Pancreatic amylase  332
Pancreatic function tests  358
Pancreatic polypeptide  472
Pancreozymin (see Cholecystokinin)
Panting  271
Pantothenic acid  402
Papez circuit 701
Papez, James 701
Papillary muscles  116
Papilledema  197, 572
Para-amino hippuric acid clearance 430
Paracrine  20
Paradoxical sleep  727, 728
 (see also REM sleep)
Parafollicular cells 464, 468
Parahippocampal gyrus 701
Parallel processing 563, 631
 in vision  633
Parallel secretion  328
Parasympathetic activity
 during sleep  728
Parasympathetic effects 698
Parasympathetic nerve fi bres
 for defecation refl ex  351
Parasympathetic nerve(s)
 and salivary secretion  305

 effect on smooth muscle  539
 effect on the heart  164
 effects on the gut  301
 to blood vessels  174
 to cerebral blood vessels  196
 to coronary arteries  156
 to heart  174
 to male genitalia  491
 to urinary bladder 447
 vasodilator  179
Parasympathetic nervous system 695
 and pancreatic secretion  327
 effects of yoga  766-768
Parathion  520
Parathyroid hormone 456
Parathyroids  467
Paraventricular nucleus 705
Parietal cell mass  359
Parietal cells  310-312
Parkinson, James  691
Parkinson’s disease  39, 584, 691
Parolfactory area  701
Parotid gland  303
Partial pressure  217
 of water vapor  217
Parturition  12, 501
 role of oxytocin 463
Passive transport (see transport, passive)
Pasteur, Louis  72
Patanjali  747
Patch clamp  124
Patent ductus arteriosus  207
Paternity
 and blood groups  89, 93
Pathway(s) (see also ascending pathways, 

descending pathways, and individual  
pathways)

 nigrostriatal  691
Patvardhan VN  380
Pavlov  734
PCR (see polymerase chain reaction)
PCV (see packed cell volume)
P-D controller (see proportional-differential 

controller)
Peak acid output  359
Peck, M. Scott  770
Pegs
 in visual cortex  632
Pellagra  402
Pendular movements
 intestinal  351
Penfi eld  593, 634, 738
Penis  491, 503
 erection  491
Pepsin  316, 335
Pepsinogens  316
Peptic cells 310, 311
Peptic ulcer  320
 acid secretion  358
Peptide hormones 457
PER (see protein effi ciency ratio)
Perceived exertion  554
Perception
 of sensory stimuli  593
 visual  633
Periaqueductal gray  598
Perifornical area  707

Perilymph  639, 657
Perimysium  514
Peripheral nervous system  563
Peripheral resistance units  168
Peristalsis  350
 esophageal  307
 mass  350
 primary  307
 secondary  307
Peritoneal dialysis 444
Perivascular space  568
Permeability  29, 119, 121
 of cell membrane  119, 121
Pernicious anaemia  62, 342, 403
 liver therapy  342
Peroxisomes  17
Pert, Candice  600
PET (see positron emission tomography)
Peyer’s patches  354
PF 3 (see platelet factor 3)
pH
 normal 435
Phagocytosis  20, 68, 71, 72
 history  72
Phagosome  71
Phantom pain  600
Pharyngoesophageal sphincter
 (see upper esophageal sphincter)
Pharynx  218
Phenotype  27
Phenoxybenzamine 697
Phentolamine 697
Phenylephrine 697
Pheochromocytoma  187, 471
Phineas Gage  713, 717
Phipps, James  71
Phloridzin  333
Phonocardiography  140
Phosphate buffer 437
 in kidneys 442
Phosphatidyl inositol 456
Phosphatidyl inositol biphosphate  539
Phospholamban  182
Phospholipase  C  539
Phospholipids  390
 absorption  337
Phosphorus  406
Photoperiod  478
Photoreceptors  620
 activation  620
 transduction  620
Phrenic refl ex  245
Phylloquinone  400
Physical training  547
 effect on cardiac function 547
 effects on metabolism  551
 effect on muscle function  549
 effect on respiratory function  549
 endurance  550
 strength  550
Physiological reserve  99, 445, 541
 for tissue oxygenation  228
 in locomotion  541
 in lungs  223
 of liver  38
 respiratory  221
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Physiology 
 and yoga  745
 basis of medicine  3
 branches  3
 defi ned  3, 5
 environmental  267
 history 4
Physostigmine  520, 697
Pia mater  568
Pill
 contraceptive  503
Pilocarpine 697
Pilo-erection  279
Pineal  476, 572
Pinna  636
Pinocytosis  20
Pirenzepine
 and gastric acid secretion  313
Pituitary  572
 anterior  460, 486, 487
 posterior  104, 462
 relationship with hypothalamus 706
Pituitary hormones
 as neuroactive peptides  585
pK
 of buffers 436
Placenta  499-501
 and foetal respiration  248, 249
 circulation  204
Planck, Max  380
Plasma  101, 47
 freeze dried  92
 frozen  92
 osmotic pressure  48, 169, 172
Plasma cell  78, 79
Plasma membrane  14
 (see also cell membrane)
Plasma proteins  47, 48, 53
 as buffers  48, 436
 in disease  48
 osmotic pressure 48
Plasma substitutes  93
Plasmin  96
Plasminogen  96
Plasticity
 at synapses  579
 in auditory pathways  648
 neuronal  717
Platelet aggregation  392
Platelet concentrate  92
Platelet factor 3, 95, 96
Platelets  94
 functions  95
Plethysmography
 whole body  239
Pleural pressure  235
Plexus
 choroids  568, 569
Pneumotachograph  239, 251
Pneumothorax  235
Pneumotaxic centre  243
PNI (see psychoneuroimmunology)
Podocyte 424
Poikilocytosis  64
Poiseuille’s equation  167, 238
Polycythaemia  104, 187, 285
 of high altitude  285

Polydipsia  474
Polymerase chain reaction  28
Polyphagia  474
Polyprotein(s)  584
Polyriboisomes  16
Polysomes  16
Polyunsaturated fats  390, 391
 and vitamin E  399
Polyuria  474, 462
Pons
 respiratory centres  243
Portal circulation
 hepatic  199
Portal system  203
 hepatic  203
 hypophysial  203
Portal vein  298
 hypothalamo-hypophysial 460
Positive feedback
 during delivery  501
Positron emission tomography  733
Postabsorptive phase
 of pancreatic secretion  328
Posterior parietal cortex  683
Postsynaptic density  576
Postsynaptic potential  577
 and EEG  725
Post-tetanic potentiation  581
Post-translational modifi cation  25
Postural refl exes  662
Posture
 and backache  543
 and response to exercise  547
 effect on blood pressure  184
Potassium  409, 469
 absorption of  344
 and pain  597
 plasma level  469
 secretion in colon  344
 secretion in kidneys  432
Potassium channels  128, 129
Potentiation  313
Power law  595
P-R interval  138, 147
Pranayama(s)  555, 747, 755, 761
Pratyahara  747, 761
Precapillary sphincter (s)  166
Precentral gyrus  784
Precipitation  81
Prefrontal leucotomy  714
Prefrontal lobotomy  714, 716
Pregnancy  498-501
 blood volume in  104
 foetal circulation  204
 metabolic rate in  383
 nutrition during  414, 415
 oedema in  170
 placental circulation  204
 uterine circulation  204
Pregnenolone
 in fetus  500
Prekallikreins  182
Pre-loaded muscle  528
Premotor cortex  684
Preoptic area
 and sleep  730
Prepyriform cortex  669

Presbyacusis  39, 652
Presbyopia  39, 616, 628
Pressor area  175, 177
Pressure
 alveolar  234
 esophageal  237
 interpleural  234
 intraocular  612
 intrapleural  235
 intrapulmonary  234
 osmotic 48
 pleural  235
 pulmonary artery  193
 transpulmonary  234
Pressure-volume relationship
 of arteries  171
 of urinary bladder 448
 of veins  171
Presynaptic facilitation  579, 580
Presynaptic inhibition  579, 580
PRIH (see prolactin release inhibitory hormone)
Primary motor cortex  684
Probe  27, 28
Procainamide  132
Proerythroblast  52
Profi brinolysin  97
Progeria  40
Progesterone  487, 493-496, 499-501, 503
Proglumide  313
Programmed cell death  86
Projected pain  600
Prokaryote  14, 18
Prolactin  501, 456
Prolactin release inhibitory hormone  461
Prolactin
 and exercise  550
 as neuroactive peptide  585
Proliferative phase (see menstrual cycle)
Promonocyte  69
Promoter  25
Promyelocyte  66
Propagation 
 of  action potential  509
Prophase  21
Propionate
 in the colon  346
Proportional-differential controller  11
Propranolol 697
Propriocepters  586
Proprioceptive control
 of breathing  244
Proprioceptive refl ex(es)
 respiratory  245
Prostaglandins  391, 392, 426, 490, 501
 protective role in stomach  321
 vasodilation  182
Prostate  488, 490
Protanomaly  622
Protanopia  624
Protein  
 absorption  335
 digestion  335
 extrinsic  14
 integral  14, 15
 intrinsic  14
 peripheral  14, 15
 transmembrane  14, 15
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Protein buffer 436
Protein C 97
Protein effi ciency ratio  396
Protein energy malnutrition  170
Protein losing enteropathy  363
Protein(s)  25
 absorption  335

  tests  362
 acute phase  73
 biological value  49, 396
 C-reactive  73
 chemical score  396
 complementary  336
 dietary  38, 49, 395
 fermentation in the colon  346
 for children  417
 hepatic metabolism  366
 in urine  49
 metabolism  468, 472
 plasma 47
 quality  395
 recommended allowance  412
 reference  396
 serum level  367
Proteinuria  49, 170
Proteomics  27
Prothrombin  95
Prothrombin time  98, 100
Prothrombin
 synthesis  405
Prothrombinase  96
Proto-oncogenes  23
Proximal convoluted tubule  425, 431
Pseudopodia  20
Psychoneuroimmunology 715, 769, 780, 782
Psychophysiology
 of sensation  595
Psychosomatic disease 703, 715
Psychosomatic factors  322
 and peptic ulcer  322
Pteroylglutamic acid (see also folic acid)  403
PTH (see parathyroid hormone)
Puberty  486
 precocious  470
PUFA  (see polyunsaturated fats)
Pulmonary blood fl ow
 during exercise  548
Pulmonary capillaries
 fl uid exchange  194
Pulmonary circulation  113, 193
 compared to systemic circulation  194
 regulation  195
Pulmonary edema  91, 191
 at high altitude  286
Pulmonary function tests  250
Pulmonary stretch receptors  244
Pulmonary ventilation  221, 222
 during exercise  548
Pulse pressure  176, 183
Pulse pressure method
 for cardiac output  161
Punishment  734, 735
Punishment area 
 in the brain 702
Pupil  610, 614
Purinergic fi bres 697

Purkinje cells  687, 688
 neurotransmitter  584
Purkinje fi bres  115
Purkinje images  628
Purpura  98, 99
Putamen  689
Pyloric glands  310
Pyrexia  273
 (see also fever and interleukin - 1)
Pyridoxine  402
Pyruvic acid  530
PYY  316

Q
QRS complex  172,174
Q-T interval   174
Queckenstedt test  668
Queckenstedt’s sign  235
Quinones  470

R
Rachitic rosary  399
Radioiodinated serum albumin  102, 573
Rage  709
Rage reaction 703
Raja yoga  746
Ranson 699
Raphe nuclei  723
 and sleep  730
 neurotransmitter  584
Rapid eye movement (see REM sleep)
Rasmussen  593
Ratchet mechanism
 of muscle contraction  523, 524
Rating of perceived exertion 554
Ratio
 A/G  47
 albumin/globulin  47
RBBB  (see right bundle branch block)
RBC (see Red Blood cells)
 packed  92
 count at high altitude  284, 285
RDA (see recommended dietary allowances)
Reabsorption 
 in kidneys 428, 431, 432
 of amino acids in kidneys  431
 of bicarbonate in kidneys  438
 of glucose in kidneys  431
 of sodium in kidneys  431, 440
Reactive oxygen species  261
Receptive fi eld  621
Receptive relaxation  307
Receptor potential  586
 in vestibule  659
 of photoreceptors  620
 of rods and cones  620
 of visual receptors  620
Receptor(s) 
 adrenergic  470
 atrial   177
 dihydropyridine  522
 for pain  597
 for signaling molecules  20
 gastrin  313
 H2 histamine  313
 hormone  455-459

 muscarinic  312
 opioid  599, 600
 pleural  244
 polymodal  597
 ryanodine  522
 secretin  326
 stretch

  pulmonary  244
 tracheobronchial  244
 visual  618
Receptors, sensory  586
Recessive trait  23, 25, 26
Recipient
 universal  90
Reciprocal innervation  680  
Recommended dietary allowances  411
Recovery heat  532
Rectal temperature  269
Rectifi er channels  128
Red blood cells  50
 absolute values  50
 breakdown  55
 count  50
 formation  51
 lifespan  51, 55
 metabolism  50
Red nucleus  683, 685
Red reaction  202
Reduced eye  615
Reduction division  22
Referred pain  600
Refl ex(es) (see also individual refl exes)  

564-566, 628
 accommodation  628, 629
 acoustic  637
 antropancreatic  327
 axon 180, 202
 Bainbridge 547
 Baroreceptor  176, 184, 185
 Bezold-Jarisch  177
 chemoreceptor  179, 184, 185, 246
 conditioned  734
 consensual 627
 cough  245, 246
 crossed extension  680
 defecation  351
 enterogastric  316
 enteropancreatic  328
 fl exion  680
 gastrocolic  351
 gastroileal  351
 gill withdrawal  734
 Head’s 245
 Hering-Breurer  244
 in decerebrate animal  662
 intercostals  245
 intestointestinal  351
 J receptor  178, 245
 labyrinthine  662
 light  627
 milk ejection 463, 502
 monosynaptic  676
 opticokinetic  662
 phrenic proprioceptive  245
 postural  662
 respiratory 244
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 righting  662
 spinal  676
 stretch 11, 676
 suckling  463, 502
 swallowing  306-308
 tonic  662
 vago-vagal  318, 327
 vestibular  661
 vestibule-ocular  662
Refl ex arc  563, 676
 for stretch refl ex  676
Refl ux esophagitis  308
Refractory period  123-125
 in nerve fi bres  579
 of cardiac muscle  133
Regeneration
 of nerve fi bres  513
Regional blood fl ow
 in lungs  193, 195
Regulation 10, 11
 of acid-base balance  435
 of aldosterone secretion  469
 of autonomic functions  698, 709
 of biliary secretion  329
 of blood glucose  365
 of blood pressure  12, 426
 of blood vessels  166, 175
 of blood volume  102
 of body fl uids  102
 of cardiovascular function  174
 of catecholamine secretion  471
 of cerebral blood fl ow  197
 of coronary blood fl ow  156
 of fl uid volume  34, 102
 of food intake

  role of hypothalamus  707
 of gastric emptying  317
 of gastric secretion  312
 of glomerular fi ltration rate  428
 of glucagon secretion  475
 of glucocorticoid secretion  469
 of granulopoiesis  67
 of heart rate 175
 of immune response  84
 of insulin secretion  474
 of iron absorption  341
 of leucopoiesis  67
 of muscle length  764
 of pancreatic secretion  326-328
 of parathyroid secretion  467
 of pH  435
 of plasma calcium  399
 of plasma glucose  474
 of pulmonary circulation  195
 of respiration  242, 259
 of salivary secretion  305
 of sodium absorption  339
 of strength of contraction  524-528
 of temperature  11, 18, 36, 39,  

  111, 181, 269, 201, 479, 728, 707
  during sleep  728

  role of hypothalamus  271
 of thyroid secretion 466
 of urinary volume  103
 of vascular lumen  166
 of visceral activity  698, 709

 of water absorption  339
 of water balance  462

  role of hypothalamus  708
 of water intake  102
Regulation factor  11
Regurgitation
 from heart valves  141
Reissner’s membrane  639
Relaxation heat  532
Relaxation response  716
Relaxin  496, 500
Releasing hormones  705, 709
REM sleep  728, 729
Renaissance, European  6
Renal blood fl ow  200, 429, 546
 during exercise  546
Renal circulation  425
Renal disease  48, 60 (see also kidney disease)
Renal failure  425, 443
Renal function tests  445
Renal innervation  425
Renal physiology  423
 history  427
Renal plasma fl ow  429
Renal threshold 
 for glucose  430
Renal transplantation  445
Renin  104, 200, 426, 180
Renin-angiotensin mechanism  185, 469
Renography  445
Renshaw  679
Renshaw cell  579, 679
Reperfusion injury  158
Repolarization  120, 123, 124, 128, 154
 ventricular  154
Reproduction  485-503
 and aging  39
 and pineal  479
 role of hypothalamus  708
Reproductive system  485-503
 female  493-503
 male  488-492
RER (see respiratory exchange ratio)
RES (see reticuloendothelial system)
Research
 justifi cation  380
Residual volume  37, 220
 and aging  37
Resistance 
 to blood fl ow 168
 vascular  168
Respiration  215, 247
 and acid-base balance 437, 441
 and aging  37
 during exercise  548
 effect of thyroid  466
 in newborns  247, 245
 mechanics  233
 mouth-to-mouth  261
 regulation  242, 259 
Respiratory exchange ratio (see respiratory 

quotient)
Respiratory failure  260
Respiratory membrane  223
Respiratory quotient  217, 219, 232, 381
Respiratory refl exes  244

Respiratory rhythm  243
Respiratory system  215
 (see also respiration)
 effects of yoga 765
Respiratory
 acidosis  441
 alkalosis  441
Resting heat  531
Resting membrane potential  117, 119, 537
 in smooth muscle  629
 of cardiac muscle  127
 of intestinal smooth muscle  349
 of pacemaker tissue  127, 129
 of Purkinje fi bres  127
Resting metabolic rate  381
 (see also metabolic rate)
 pathological variations  383
 physiological variations  383
Reticular formation  683, 723, 728
 and sleep  728
 descending  683
 medullary  683
 pontine  683
Reticular lamina  639
Reticulocyte  53, 63
Reticuloendothelial system  
 (see macrophage phagocytic system)
Reticulospinal tract  683, 685
Retina  610, 618, 584
 neurotransmitter  584
Retinohypothalamic pathway  730
Retinol  398
Retraction
 of clot  95
Retrograde plasticity factor  739
Reward  734, 735
Reward area
 in the brain 702
Reynold’s number  168, 238
Rh group
 inheritance  89
Rh incompatibility  91, 93
 treatment  87
Rh system  89
Rheobase  510
Rhodopsin  398, 619
Rhythm method  502
Rhythmicity
 of cardiac muscle  133
Ribofl avin  401, 405
Ribonucleic acid  25
 messenger  25 
 ribosomal  25
 transfer  25
Ribonucleic acid
 messenger  16
 ribosomal  16
Ribosomes  16, 20
 mitochondrial  18
Richards Jr, Dickinson  140
Richards, Alfred  427
Rickets  399, 405
Right axis deviation  147
Right bundle branch block  151
Right ventricular hypertrophy  153
Righting refl ex  662
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Rinne’s test  653
RISA (see radioiodinated serum albumin)
Rivkees SA  476
RMP (see resting membrane potential)
RMR (see resting metabolic rate)  
RNA (see ribonucleic acid)
Robert, Andre  321
Rods 618
 activation  619
Roentgenographic method
 for cardiac output  161
Roman empire  4
Rose Bengal excretion  367
Rough endoplasmic reticulum  16
Roughage (see dietary fi bre)
RPE (see rating of perceived exertion)
RPF (see renal plasma fl ow)
RQ (see respiratory quotient)
RU486  503
Ruffi ni’s nerve endings  586
RVH (see right ventricular hypertrophy)
Ryanodine receptors  522
RyR (see ryanodine receptors)

S
S phase  21, 52
SA node (see sinoatrial node)
Saccades  629
Saccadic movement  662
Saccule  657, 682
Sacroplasmic reticulum 
 in heart  128
SAD (See seasonal affective disorder)
Sadhana  747
Safe period  502
Sakmann  124
Saliva  303, 304
 antiseptic action  305
Salivary amylase  332
Salivary nuclei  305
Salivatory nuclei  665
Salt (see also sodium) 
 fortifi cation with iron  407
 iodized  407, 466
Saltatory conduction  510
Samadhi  747, 760, 762
Sarcolemma  514
Sarcomere  514
Sarcoplasm  514
Sarcoplasmic reticulum
 in skeletal muscle  515, 522
Sarcotubular system 
 cardiac muscle  114, 115
 skeletal muscle  114, 115
Sarnoff  163, 164
Sarnoff’s family of curves  164
Satellite cells  514
Satiety centre  707
Saturated fats  390
Saturation kinetics  30
Scala media  639
Scala tympani  639
Scala vestibuli  639
SCFA (see short chain fatty acids)
Schilling’s test  363

Schleiden  14
Schleiden, Matthais  8, 561
Schlemm 
 canal of  611
Scholastic age  6
Schwabach’s test  653
Schwann  14
Schwann cell(s)  510, 517
Schwann, Theodore  8, 561
Sclera  610
SCN (see suprachiasmatic nucleus) 
SCUBA diving  289
Scurvy  404
 history of  377
SDA (see secifi c dynamic action)
Seasonal affective disorder  480
Sebaceous glands  71
Second degree heart block  150
Second heart sound (see heart sound)
Second messenger  584
Secondary active transport
 (see transport, secondary active)
Secondary motor cortex  684
Secondary sex characters  491, 495
Secretin stimulation test
 for pancreatic function  359
Secretin  326, 316
 and biliary secretion  330
 and gastric acid secretion  316
 and pancreatic secretion  326
 as neuroactive peptide  585
Secretion (s) 
 in kidneys 428
 of hydrogen ions in kidneys 438
 of potassium in kidneys 432
 of proteins  17
 sebaceous  71
Secretory component 
 of IgA  355 
Secretory phase
 of menstrual cycle  494
Secretory piece  76
Segmentation  351
Seguin  377
Selenium  408
Self-contained underwater breathing apparatus
 (see SCUBA diving)
Self-stimulation  702
Semen  488, 490-491
Semicircular canals  657, 682
Seminal vesicles  488, 490
Seminiferous tubules  488
Sensitivity  
 of nerve and muscle  510
Sensitization  734, 737
Sensor  10
Sensorineural deafness  652
Sensory aphasia  733
Sensory area
 speech  732
Sensory cortex  593
Septic shock  190
Septum  701
Serotonergic pathways  713
 in reticular formation  723
Serotonin (see also 5-hydroxytryptamine)

Serotonin  181
 and sensitization  737
 and sleep  730
 source   310
Sertoli cells  489, 490
Serum  47
Serum alanine transaminase  368
Serum glutamic oxaloacetic transaminase  368
Serum glutamic pyruvic transaminase  368
Servomechanism  11
Set point 
 for body temperature  272
  in fever  273
Sex
 chromatin  485
 determination  485, 498
 hormones  486
Sex behaviour  495, 703
 role of hypothalamus 708
Sex characters
 secondary  491, 495
Sex chromosomes  20
Sex hormones  456
 as neurotransmitter  585
Sex-linked character  26
Sex-linked diseases
 color blindness  624
 haemophilia  97, 98, 100
Sex-linked inheritance  27, 28, 97
Sexual intercourse  491-502
SGOT  368
Shakespeare  729
Sham feeding  314, 359
Sharma, K.N.  708
Sherrington, Charles  576, 683, 699
Shivering  270, 279, 280
 during fever  273
Shock  185, 188, 443
 anaphylactic  190
 cardiogenic  190
 cyanosis in  258
 endotoxic  190
 gram-negative  190
 haemorrhagic  188 
 hypovolemic  188
 hypoxia in  257
 irreversible  190
 neurogenic  190
 septic  190
Short chain fatty acids  335, 346
 in the colon  346
Short-term memory  738
Shortening heat  532
Shunt(s)  195, 225
 physiological  195
Sickle cell anaemia  61
Siegel, Bernie  771, 780
Sign language  733
Signal  21
 amplifi cation  21
 feedback  10
 transduction  21
Signaling
 cell-to-cell  20
 endocrine  20
 neurocrine  20
 paracrine  20
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Simple cells
 in visual cortex  631
Simple diffusion (see diffusion)
Simple muscle twitch  526
Singer and Nicolson model  14
Singer, Charles  6
Singh, Baldev 766
Sino-aortic nerves  176
Sinoatrial node  115, 116, 127, 129
Sinus arrhythmia  148, 154
Sinus bradycardia  148
Sinus tachycardia  148
Sinus venosus  134
Sinusoidal capillaries 
 (see sinusoids)
Sinusoids  169
Skeletal muscle  115, 116, 507
 action potential  121 
 blood fl ow  201

  in exercise  545
 compared to cardiac muscle  155
 comparison with smooth muscle  536-540
 during exercise  549
 energy for contraction  529
 force-velocity relationship  529
 heat production  531
 isometric contraction  526
 isotonic contraction  526
 length-tension relationship  528
 mechanical model  524
 of respiration  233, 234
 properties  115, 136
 regulation of strength of contraction    

 524-528
 responses to emotions  713
 stimulus-response relationship  526
 structure  514
 tetanus  526
 twitch  526
Skeleton
 in fl uorisis  410
 of heart  116
Skin
 and vitamin D  467
 pigmentation  462
Skin blood fl ow  201
 and temperature regulation  270, 271
 during exercise  546
Skinner box  734
Skinner, B.F.  734
Sleep producing substances  730
Sleep  725
 and melatonin  480
 and metabolic rate  383
 rhythm 709
 role of reticular formation  724
Sliding fi laments
 in muscle contraction  524
Slow wave sleep  727
Small intestine 331
Smell  668
Smith, Edward  378
Smith, Homer  429
Smoking
 and peptic ulcer  324
Smooth endoplasmic reticulum  16

Smooth muscle  115,167, 536-540
 classifi cation  537
 comparison with skeletal muscle  536-539
 electrophysiology  537
 excitation-contraction coupling  538
 in blood vessels  166
 nexus  15
 of gastrointestinal tract  349
 properties  115
 vascular  166
Sneeze  246
Snyder, Solomon  600
Sodium  408
 absorption  338, 344

  regulation of  339
 reabsorption in kidneys  431, 440
Sodium channel
 inactivation  123, 128
Sodium channel blockers  128, 132
Sodium pump  118, 127, 615
 in cornea  615
Solvent drag  32
Somatic marker hypothesis  712
Somatic motor system
 vs. autonomic nervous system 695
Somatic mutation theory  39
Somatomammotropin  500
Somatomedin  417
Somatostatin  461, 472, 585
 as neuroactive peptide  585
Sound
 measurement  635
Space
 swallowing in  307
Spatial speech  733
Spatial summation  582
Special senses
 and aging  39
Specifi c acquired immunity  75
Specifi c compliance  236
Specifi c dynamic action (see thermic effect of 

feeding)
Specifi city 
 of antibodies  78
Speech  732
 audiometry  653
 interpretation  650
Sperm (see also spermatozoa)
 acrosome  17, 488, 491
 motility  490
Spermatids  488
Spermatocytes  488
Spermatogenesis  488-489, 491, 492, 503
 inhibition  503
 regulation  489
Spermatogonia  488
Spermatozoa  488
Sperry, Roger  739
Spherocytosis  61
Sphincter(s)  307
 anal  352
 choledochal  328
 of Oddi  328
Sphygmomanometry  183
Spike
 action potential  120

Spinal cord
 neurotransmitter
  inhibitory  584
Spinal motor mechanisms  676
Spine  541
Spinocerebellum  688
Spinothalamic tracts  598, 592
Splanchnic blood fl ow
 during exercise  546
Splanchnic circulation  199, 298
Splanchnic nerve
 and pancreatic secretion 327
Spleen  94
 blood fl ow  199
 functions  200
Splenic blood fl ow  199
SPS (see sleep producing substances)
Squid
 giant axon  509
Srikantia  401
Srikantia SG  380
S-T interval  147
St. Martin, Alexis  317
Stagnant  hypoxia  257
Staircase phenomenon  135, 136
Stannius ligature(s)  134
Stapedius  637
Stapes  637
Starch  385
 resistant  387
Stark, William  378
Starling’s heart lung preparation  163
Starling’s hypothesis   
 of fl uid exchange  169
Starling’s law of heart  135, 162, 164
Steatorrhea  362
Stellate cells  631, 688
Stem cell  51,
Stenosis
 of heart valves  141
Stercobilinogen  56
Stereocilia  640, 658
Steroid hormones  457, 468
 synthesis  16,18
Steroids 456
Stethoscope
 invention of  140
STM (see Short-term memory)
Stokes Adams syndrome  150
Stomach  310, 64
 and aging 38
 function tests  358
 motility  349
Stomatitis angular  401
STPD  220, 216
Strength-duration curve  510
Stress (see also mental stress)
 and release of opioids  600
 and salivary secretion  309
 role of glucocorticoids  468
Stress ECG test  158
Stress relaxation 186
Stretch receptors  176
 carotid sinus  176
 pulmonary  244
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Stretch refl ex  11, 245, 676
 inhibition by J receptors  245
Stria terminalis 702
Striate cortex  631
Striated muscle (see skeletal muscle)
Striatum  689
Stroke volume  159
 factors affecting  161
 in exercise  547
Subacute combined degeneration  64, 403
Subarachnoid space  568
Subcallosal gyrus  701
Subdural sinus(es) 
 injury  172, 173
Subiculum  702
Subliminal fringe  583
Sublingual glands  304
Submandibular glands  304
Substance P
 as neuroactive peptide  585
 as neurotransmitter  350
Substantia gelatinosa 599
Substantia nigra  689
 neurotransmitter  584
Subthalamic nucleus  689
Succinylcholine  520
Suckling 463
Suckling refl ex  502
Sucrase  332
Summation
 of postsynaptic potentials  578
 spatial  582
 temporal  582
Sunshine vitamin  399
Superfemale  485
Superior colliculi  626, 629
Superior olivary complex  647
Suppressor T cells  84, 85
Suprachiasmatic nucleus  476, 709, 710
 and sleep  730
Supraoptic nucleus  462,  705
Surfactant  236
Susheela, A.K  410
Susruta  4, 561
Susruta samhita  376
Sutton  24
Swallowing  306
 and aging  38
Swammerdam, Jan  561
Sweat glands
 nerve supply  271
Sweating
 after heat acclimatization  275
 during fever  273
SWS (see slow wave sleep)  727, 728
Sylvius
 aqueduct of  568
Symbols 
 for respiratory physiology  217
Sympathetic 
 effect on heart  128,130
Sympathetic effects  698
Sympathetic nerve(s) 
 adrenergic vasodilator  179
 and salivary secretion  305
 cholinergic  179

 effect on smooth muscle  538
 effect on the heart  164
 to blood vessels  174
 to cerebral blood vessels  197
 to coronary arteries  157
 to heart  174
 to hepatic artery  199
 to male genitalia  491
 to portal vein  199
 to renal blood vessels  200
 to skeletal muscle blood vessels  201
 to splenic blood vessels  199
 to sweat glands  271
 to urinary bladder  425
 vasodilator  179
Sympathetic nervous system  94, 470, 695
 and cold stress  279
 and metabolic rate  270
  and pancreatic secretion  327
 and temperature regulation  270
 effects of yoga 766-768
Sympatho-adrenal system  94
Symport  32
Synapse  20, 564, 575

 (see also synaptic transmission)
 modulation of  736, 737 
 new  737
 non-directed  695, 697
Synaptic delay  581,582
Synaptic transmission  576 - 585
 electrical  581
Syncytiotrophoblast  499
Syncytium
 cardiac muscle as  135
 functional  114, 131
 smooth muscle as  537
Syndrome
 Stokes Adams  150
Systemic circulation  113
 compared to pulmonary circulation  194
Systole  137,113
Systolic murmur 142 
 in anaemia  168

T
T cells (see T lymphocytes)
T lymphocytes  67,76
 cytotoxic  76,82
 differentiation 77
 in gut  354
 helper  80,82,83
 suppressor  84, 85
t RNA (see ribonucleic acid, transfer)
T3, T4 (see thyroid hormones)
Tachycardia
 atrial  149
Tachypnoea  245
Tantra yoga  747
Taste  664
Taste pathways  665
TBW (see total body water)
TDF (see testis-determining factor)  
Tea  400
TEA (see thermic effect of activity) 
Tectorial membrane  639

Teeth
 and fl uorine  409
TEF (see thermic effect of feeding)
Teleology  298
Telles, Shirley  766,767
Teloglia  517
Telophase  21
Temperature 
 and fatigue  553
 at ovulation  269
 axillary  269
 core  269
 diurnal variation  269
 normal  269
 oral  269
 rectal  269
 regulation  18, 111, 181, 202, 269
  in cold environment  279

  in hot environment  275
 regulation in elderly  39
 regulation in newborn  36
 shell  269
Temperature regulation
 and melatonin  479
 role of hypothalamus 707
Temporal summation  582, 583
Tendon organs, Golgi  515, 679
Tensor tympani  637
Tertiary  307
Test meal
 for gastric function  358
 for pancreatic function  360
Testes  488
 undescended  492
Testis-determining factor 26
Testosterone  485, 487, 489, 491, 492
Tetanus  527
Tetany  262
Tetradotoxin  577
Tetraethylammonium  577
Tetraiodothyronine  464
Tetralogy of Fallot  207
Tetrodotoxin  128
TGT (see thromboplastin generation test)
Thalamic syndrome  592
Thalamus  591
 and sleep  730
 intralaminar nuclei  598
 midline nuclei  598
 nuclei  592
Thalassaemia  61
Thales of Miletos  5
Theca
 externa  493
 interna  493
Thermic effect of  feeding
 and temperature regulation  270
Thermic effect of activity  381, 384
Thermic effect of feeding  381, 383
Thermogenesis  270, 381
 non-shivering  270
Thermoneutral  zone  272
Thermoregulation
 in cold environment  279
 in hot environment  275
 models  272
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Thermosensitive areas
 in the brain  271
Thermostat  273
 hypothalamic 707
Theta waves
 of EEG  726
Thiamine  400
Third degree heart block  150
Third heart sound (see heart sound)
Thirst  103, 177, 180
 role of hypothalamus  708
Thorndike  734
Thrombin  95
Thrombocytes  94
 (see also platelets)
Thrombocytopenia  98
Thrombomodulin  97
Thromboplastin generation test  98
Thrombopoiesis  94
Thrombopoietins  94
Thromboxanes  391, 392
THSC (see totipotent haematopoietic stem cells)
Thymol turbidity test  367
Thymus  69
Thymus dependent  80
Thyroglobulin  464
Thyroid 464
 and aging  39
Thyroid hormone  279, 280, 405, 383, 456, 465
 compared to vitamin D  405
 and cold stress  279, 280
 and metabolic rate  383
Thyroid stimulating hormone 456, 462, 585
 as neuroactive peptide  585
Thyrotropin (see thyroid stimulating hormone)
Thyrotropin releasing hormone  456, 461, 585
 as neuroactive peptide  585
Thyroxine 53, 181, 456, 465
 and erythropoiesis  53
 and the heart  181
Thyroxine binding globulin  465
Tidal volume  220
Tight junctions  15
TLC (see total leucocyte count)
TM (see transcendental meditation)
Tm (see tubular transport maximum)
TNF (see tumor necrosis factor)
Tocopherol(s)  399
Tolerance
 immunological  78, 356

  in the gut  356
 to self  78, 85
Tom  317 ,322
Tone
 muscle 678, 683
 skeletal muscle  728
Tongue 
 taste buds  664
Tonic labyrinthine refl exes  662
Tonofi laments  16
Tonsils  35
Tonus (see tone)
Tooth paste
 fl uoride  410
Topographic representation
 in motor areas  685

Total body water  101
Total leucocyte count
 (see white blood cells, total count)
Total lung capacity  220
Total parenteral nutrition  380
Totipotent haematopoietic stem cells  51, 58
TPN (see total parenteral nutrition) 
Trachea  218
Tractus solitarius  305, 665, 730
 nucleus  730
Training (see physical training)
Trait
 autosomal  25
 continuous  26
 discontinuous  26
 dominant  23
 multifactorial  26
 recessive  23
 sex-linked  26
 X-linked  26
Transcendental meditation  780, 765
 (see also meditation)
Transcobalamin II  340
Transcription  25, 457
 effect of hormones 457
Transduction  21, 586
 of sensory stimuli  586
Transformer function
 of middle ear  637
Transfusion reactions  90, 92
Transit time
 mouth-to-anus  348
 mouth-to-caecum  348
Translation  25, 457
 effect of hormones 457
Transplantation  164, 445
 cardiac 555
 renal 445
Transport  31- 34
 active  31, 32
 competitive block  30
 counter  32
 coupled  32
 gradient-time  430
 non-competitive block  30
 passive  29
 secondary active  32
Transpulmonary pressure  236
Trataka  758
Treadmill test  256
Treadmill test  158
TRH (see thyrotropin releasing hormone)
Triad  515, 522
Trichromats  622
Triglycerides  390
 medium chain  390
Triglycerides (see also fats)
 dietary  69
Triiodothyronine  464
Triolein tests  362
Triple response  202
Triplet code  24
Tritanomaly  622
Tritanopia  624
Trophoblast  498, 499

Tropomyosin  523
Troponin  523
Trowell, Hugh  387
Trypsin  326, 335
TSH (see thyroid stimulating hormone)
T-tubules  515, 522
Tubectomy  503
Tuberculosis  195,225
Tubular load  430
Tubular transport maximum 430,445
 for glucose 430
Tubule urinary  425
Tubulin  19
Tumor necrosis factor  67,69
Tumor suppressor genes  23
Tuning curve
 of auditory nerve fi bres  645
 of basilar membrane  641
Turbulent fl ow  238
Tympanic membrane  636

U
UES (see upper esophageal sphincter)
Ultrafi ltration  31
Umbilical cord  204
Undernutrition
 metabolic rate  383
Undersea physiology 287
Undescended testes 492
Unit activity
 evoked  593
Units
 of measurement  32
Universal donor  90
Universal recipient 90
Unsaturated fats  391
Upper esophageal sphincter 306
Urea  433, 445
 in blood  445
 renal handling 433
Ureter(s)  447
Urethra  447, 491
 prostatic  488,491
Urinalysis  445
Urinary bladder 447
 atonic 449
 automatic  449
 innervations  447
 mechanoreceptors  449
 neurogenic  449
 pressure-volume relationship 448
Urine formation  427
Urine
 albumin in  170
 proteins in  49
 volume  103
Urobilinogen  58, 367
Uterine circulation  204
Uterine cycle  494
Uterus  493, 494, 495
 blood fl ow  204
 effect of oxytocin 463
 involution  501
Utilization time  510
Utricle  657, 682
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V
v wave (atrial/venous)  139
VA/Q ratio (see ventilation-perfusion ratio)
Vaccination  72
Vaccine (s)  72,87
VAD (see ventricular assist device)
Vagal tone  175
Vagina  493
Vagovagal refl ex
 for pancreatic secretion  327
 in stomach  318
Vagus nerve 
 and gastric secretion  312, 314
 and pancreatic secretion  327
 and taste  665
 in the gut 301
 and respiratory regulation  244
 dorsal motor nucleus  175
 neurotransmitter  176
Vagusstoff  176
Valves
 in lymphatics  170
 of heart, diseased  141
 venous  172
Valvulae conniventes  331
Valvular defects
 cardiac  141
Van den Bergh test  58, 59
Van Leeuwenhoek, Antoni  8,46
Varicose veins  172
Vas deferens  488,490
Vasa recta 433
Vascular smooth muscle  167
Vasectomy  503
Vasoactive intestinal peptide
 as neuroactive peptide  585
Vasoconstriction  167
Vasoconstrictor 180
 chemicals  180
 neural mechanisms  175
Vasodilation  166
Vasodilator  180
 chemicals  181
 neural mechanisms  179
Vasomotor centre  175,179
Vasopressin (see also antidiuretic hormone)   

 456
 source  705,709
Vasovagal attack  185
Vectorcardiography  148
Vedanta  751
Vein(s) 113, 148, 170, 204
 cardiac  155
 umbilical  204 
Venous pulse  138
Venous return
 during exercise  545
Venous sinus (es)
 Subdural  570
  injury  172,173
Ventilation (see also pulmonary ventilation and 

alveolar ventilation)
 alveolar  221
 assessment  251
 pulmonary  221 

Ventilation-perfusion ratio 225
 during exercise  548
 low
  hypoxia in  257
Ventilator  260
Ventricle(s)  
 failure  191
 hypertrophy  152
 left  112
 of the brain  568
 right  111
Ventricular assist device 116
Ventricular ectopics  149
Ventricular extrasystole  149
Ventricular failure  191
Ventricular fi brillation  149,154
Ventromedial nucleus
 and food intake  707
Vergence movements  629
Vermis  687
Vertebral column  541
Vesalius  5,6
Vestibular apparatus  657,682
Vestibular nuclei  658
Vestibular refl exes  661,682
Vestibule (see vestibular apparatus)
Vestibulocerebellum  688
Vestibulo-ocular refl ex  662
Vestibulospinal tract  683
Villus/villi  331
VIPergic neurons  351
Virchow-Robin space  568
Vis a fronte  171
Vis a tergo  171
Visceral brain  302
Visceral circulation  298
Visceral functions (see autonomic functions and 

autonomic nervous system)
Visceral nervous system (see autonomic ner-

vous system)
Viscosity  48, 185, 285
 of blood  185, 285
  at high altitude  286
Vision (see also eye)  39, 633
 and aging 39
 optics  614
 perception  633
Visual cortex  627, 631
Visual pathway  626
 compared to auditory pathway 651
Visual refl exes  627
Vital capacity  220
 and aging  37
 timed  250
Vitamin A  398
 absorption  340
 and vision  619
Vitamin B complex  405
 defi ciency  401
 with antibiotic therapy  405
Vitamin B1  400
Vitamin B12  403
 absorption  348, 343

  tests  363
 defi ciency  62
 interaction with folic acid  62,65, 404

Vitamin B2  401,405
Vitamin B6  402
Vitamin C  404, 779
 defi ciency 98
 effect on iron absorption  341
 history of  377
Vitamin D  399,467
 and kidneys 426
 as a hormone  405
 effect on calcium absorption  342
 hydroxylation 426
Vitamin E  399
Vitamin K  400, 405
 defi ciency  100, 347
 history  379
 and coagulation  96
Vitamin(s)  398
 absorption  339, 340

  tests  363
 history of  379
 recommended allowance  413
 supplements  404
 synthesis by bacteria 347
Vitreous  610
VMC (see vasomotor centre)
Voltage clamp  121
Voltage gated channels (see channels, voltage 

gated)
 at the axon hillock 578 
 calcium  518,577
 in smooth muscle  539
Volumes
 respiratory  220
Voluntary muscle (see skeletal muscle)
Von Haller, Albrecht  5, 476
Von Muralt  267
Von Willebrand’s factor  98
vWF (see von Willebrand’s factor)

W
Waldeyer Wilhem  562
Walker 427
Wall, Patrick  598
Wallerian degeneration  513
Water
 absorption  338,344
 balance  101, 103
 in the body  101
Water absorption
 regulation of  339
Water balance 
 role of ADH  462
 role of hypothalamus  708
Water intake
 regulation  103
Water vapour pressure  219
Watson  24
WBC (see white blood cells) 66
WBC concentrate  92
Weber’s test  653
Weber-Fechner law 595
Weightlessness 
 swallowing in  307
Wenckebach  phenomenon 150
Wernicke’s area  732
Western blot  82
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Whipple, George  46, 48, 341
White blood cells  17, 66
 development  66
 differential count  66
 total count  66
White crescentric line  134
White reaction  202
Wiesel  631
Wilson, terminal of  144
Windkessel effect  166
Wirz 427
Wislicenus  378
Wolf and Wolff  317, 322
Work
 of breathing  240
 of muscular contraction  528

X
X chromosome  20, 26

Xenon 
 for lung functions 251
Xerophthalmia  398
X-linked character 26
X-linked diseases
 colour blindness  624
 haemophilia  97
X-linked inheritance  26,27

Y
Y chromosome  20, 26
Yama  747
Yawn  247
Yoga nidra 767
Yoga  541, 741
 and emotions  716 
 and physiology  745, 763
 as treatment  769
 breathing  555

 physiological effects  765, 770
 postures (asanas)  555, 745, 754, 761
 schools  746
 view of life  751
 way of life 752
Young, Thomas  623

Z
Z line  515
Zinc  408
 absorption of  342
Zollinger-Ellison syndrome 358
Zona glomerulosa  468
Zona pellucida  491
Zona reticularis  468
Zone fasciculata  468
Zygomatics  713
Zygote  498
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Excerpts from Opinions about the Book
I really fi nd this book very good and interesting. Language 
is easy, simple and clear. I am sure it will be very useful for 
medical students.

Dr Sharda Agarwal
Head, Department of Physiology

LLRM Medical College, Meerut

… … I feel it is just suffi cient for the new MCI regulation of 
one year Physiology for 1st MBBS.

Dr V Anantharaman
Professor of Physiology

Rajah Muthiah Medical College
Annamalainagar

The book is excellent, both in contents and presentation.
Dr M Aslam

Professor of Physiology
Islamabad, Pakistan

I appreciate the attempt of authors to bring out a textbook 
of human physiology which satisfi es the needs of 1st MBBS 
students in the Indian environment.

Dr Jyoti A Bharadwaj
Associate Professor of Physiology

Seth G.S. Medical College, Mumbai

… … found it very lucidly written, critically edited and with 
remarkable clarity and humour … … such a pleasant, and 
yet, a critical and informative treatise. I expect it will prove a 
quick success and will create a basis in the minds of at least 
one generation of students.

Dr NK Bhide
Former Professor and Head

Department of Pharmacology
All India Institute of Medical Sciences, New Delhi

… … I was pleased to go through Chapter 7.6 on vitamins-
so concise, lucid and conveying all the details required for 
the upgraded medical classes.

Dr AK Chakrabarty
Professor and Head

Department of Biochemistry
University College of Medical Sciences, Delhi

The book has got some really appreciable aspects … … 
the diagrams throughout the book are very simple, easy to 
draw, and to practise, and to understand the subject … …
historical events have been introduced at appropriate places 
… … the author is broad-minded and sincere in his work.

Dr Gopal B Dhanakshirur
Bijapur

… … The arrangement of sections and chapters is reasona-
ble, and the coverage is generally adequate for undergradu-
ates and as ‘starters’ for postgraduates wishing to brush up 
on physiology before the initial part of their clinical examina-
tions. Practising doctors wanting to renew old acquaintance 
with the subject will fi nd it useful, pleasant and evocative 
reading. Questions and answers appear at the end of most 
chapters. They provide welcome opportunities for revision, 
contemplation and deduction. The boxed snippets of infor-
mation and insight are wholesome diversions, and for some 
young minds, perchance, an unobtrusive nudge to wider 
reading. (From The National Medical Journal of India 1998; 
11: 94-95).

Dr Colvin Goonaratna
Professor of Physiology

University of Colombo
Colombo, Sri Lanka

… … a commendable effort to make the topics friendly and 
readable … … you have managed to maintain links while 
elaborating the topics … … I appreciate the humour incor-
porated into the information.

Dr NP Gopinath
Associate Professor of Physiology

Medical College
Bhavnagar

Kindly accept my heartfelt regards on such a thorough crea-
tion which deserves appreciation of any academician in 
Physiology.

Dr GA Kurhede
Lecturer in Physiology
Govt. Medical College,

Nagpur

This book gives a lot of information which is not now-a-days 
included in most of the standard textbooks of physiology 
for undergraduate students but which is required for basic 
understanding of the subject … …

Dr VK Mulgaonker
Professor of Physiology

D.Y. Patil Medical College
Kolhapur

I am a great admirer of your book … … I have recommended 
the same to 1st year medical students.

Dr K Sri Nageswari
Professor and Head

Department of Physiology
Government Medical College

Chandigarh
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This is a good book which is precise, to the point, and at the 
same time emphasizes on understanding.

Dr SD Nishith
Professor of Physiology

Govt. Medical College, Surat

The book has been written giving the latest and also the fun-
damentals along with historical background … easily under-
standable by the students … this book can replace Guyton.

Dr Saroj Pande
Director Professor of Physiology
Maulana Azad Medical College

New Delhi 

… … Its style is literary and thought provoking. The book is 
useful for both undergraduate and postgraduate students. 

Dr Hamid Javaid Qureshi
Professor and Head

Department of Physiology
Nishtar Medical College

Multan, Pakistan

… … I could fi nd many useful and thoughtful points. By and 
large the book, I feel, is useful for not only students but also 
for teachers.

Dr MS Rajagopal
Professor and Head

Department of Physiology
Adichunchanagiri Institute of Medical Sciences

Bellur

The title ‘Understanding Medical Physiology’ is very apt. 
The book really helps the students to understand the sub-
ject. The preface is excellent and very useful. I feel a copy 
of these four pages should be given to new entrants on 
‘Fresher’s Day’… … My Head of the Department, Dr. K. 
Somasekhara Reddy loves your book very much. Whenever 
he discusses any topic, he fi rst quotes the matter present in 
your book.

Dr Veera Mohan Rao
Department of Physiology

Kurnool Medical College
Kurnool

Prof. Bijlani has taken great care in presenting the most 
recent matter on each topic in a clear and concise manner, 
highlighting some interesting facts in the boxes. I have no 
hesitation in recommending this book to all our students. 
Distinctly Indian in outlook, this book will stand on its own 
among all the contemporary foreign textbooks.

Dr J Prakasa Rao
Professor and Head

Department of Physiology
Christian Medical College

Vellore

I am a student of 1st year MBBS … I am falling short of 
words in expressing my gratitude to you for having pub-
lished such an excellent book for us.

D Sunil Reddy
JIPMER, Pondicherry

… the chapters on yoga and meditation are excellent and 
unique … I wish to congratulate Dr. Bijlani for this excellent 
work and look forward to seeing the next edition. 

Dr MP Sharma
Professor and Head

Department of Physiology
T.N. Medical College

Mumbai

… … this is the fi rst time I found myself so much absorbed 
in any textbook of physiology. … … At no point the reader 
feels like putting the book down. … I believe not only stu-
dents but teachers as well would not fi nd a comparable text-
book for a long time to come.

Dr Arif Siddiqui
Department of Physiology and Pharmacology

The Aga Khan University
Karachi, Pakistan

I fi nd the book useful and recommend it to my colleagues 
and students.

Dr PK Thakur
Professor and Head

Department of Physiology
Assam Medical College

Dibrugarh

… … found it a very useful and simple textbook for under-
graduate medical students.

Dr S Thulasibai
Professor of Physiology
Madras Medical College

Chennai

While looking for some information on yoga I came across 
the chapter on the subject in your book. Yours must be the 
only book which has highlighted yoga in this lucid manner. I 
am not giving undue praise when I state that the book is in 
many ways a unique publication and I enjoyed it very much. 
Also, being a teacher for forty years I agree that the idea of 
giving objectives for each lecture is restraining. 

Dr Viqar Zaman
Professor of Microbiology
The Aga Khan University

Karachi
Pakistan
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