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Preface to the Twelfth Edition

t gives me immense pleasure in writing the Preface
to the twelfth edition of CC Chatterjee’s Human
Physiology. This book has been very popular and widely
read from its first edition which was published in 1951.
Dr CC Chatterjee, a doyen in the field of physiology,
was a dedicated academician, devoted teacher, author
par excellence, a noble friend, philosopher and a guide
to his colleagues and students. He was an enthusiastic
physiologist who strived with greatest zeal to give the
best integrative knowledge of basic medical sciences,
especially that of physiology, to his students.

I express my special gratitude and sincere thanks to
Dr Surrinder H Singh, Ex-Professor and Head,
Department of Physiology, Lady Hardinge Medical
College, New Delhi, a renowned teacher of physiology,
who provided regular review inputs for updating the
book from time to time, and for her devotion in reading
the manuscript thoroughly and providing valuable
feedback so that no part of the information is left
uncovered by oversight.

I express my sincere thanks to my colleagues
Dr Neelam Mishra, Professor and Head, Department
of Physiology, Government Medical College, Nagpur;
Dr MS Phatak, Professor and Head, Department of
Physiology, Indira Gandhi Government Medical
College, Nagpur; Dr Geeta Kurhade, Senior Lecturer,
Department of Physiology, University of West Indies;
Dr SV Umadevi and Dr D Niraimathi, Associate
Professors, Department of Physiology, Indira Gandhi
Medical College and Research Institute, Puducherry;
Dr Rakhee Tirpude, Associate Professor, Department
of Physiology, NKP Salve Institute of Medical Sciences
and LMH, Nagpur, and Dr Sanjay Andrew Rajaratnam,
Professor and Head, Department of Physiology,
Chettinad Hospital and Research Institute, Chennai, for
their valuable suggestions.

As Prof AM Seligman, Dr Barbasa R Betty and
Dr Davenport permitted the inclusion of the reference
of illustration in the earlier reprint edition and as these
are included in this edition too, I extend my gratitude
to them. I am also thankful to CBS representatives
Mr Ajay (Karnataka), Mr Sarvanan and Mr Jyoti (Chennai)
and Mr Ajay Shrivas (Nagpur) for providing constant
feedback from various faculty members all over the

country for contents to be included in the book and
this was immensely helpful.

The twelfth edition of CC Chatterjee’s Human
Physiology is especially designed for undergraduate and
postgraduate students of medicine, paramedical
sciences and allied health sciences, and will help them
in excelling in their examinations and professional
career as well.

The key features of this book are the simple language
and comprehensiveness which have remained
unchanged ever since the first edition. All the topics of
physiology are correlated with anatomy, biochemistry,
pathophysiology and applied physiology for a
thorough integrated learning of the functional aspects
of human body. Recent advances have been included
to give better insight to understanding the physiological
principles. Clinical case scenarios are included to help
students in learning of physiological basis of clinical
signs and symptoms. Moreover, this book retains the
ideas, thought process, knowledge, lucidity and
comprehensiveness, original diagrams and intellectual
concepts of the doyen physiologist Dr Chandi Charan
Chatterjee whose contribution to physiology will always
be remembered in the times to come.

In spite of all the untiring efforts, any mistakes or
omissions left unknowingly may please be excused,
while valuable suggestions are welcome from faculty and
students for future printings and editions of the book.

I wish to acknowledge and give special thanks to
Mr SK Jain, Chairman and MD, Mr Varun Jain, Director and
Mr YN Arjuna, Senior Vice President—Publishing and Publicity
for their suggestions and eagerness to make this twelfth
edition colourful and informative so that the textis updated
with advancements in medical sciences to this day.

I am thankful to Mrs Ritu Chawla AGM—Production,
Mr Vikrant Sharma DTP operator, Mrs Baljeet Kaur,
Mr Sanjay Chauhan, Mr Neeraj Prasad, Graphic designers,
Mr Ananda Mohanty Proofreader, and all publishing
team of CBS Publishers & Distributors, New Delhi,
for their excellent inputs in shaping the book to its
present form.

And last but not the least, I am thankful to my wife
Dr Jyoti and my son Joshua for all their support and
encouragement.

Nitin Ashok John
Editor



Preface to the First Edition

t the outset, I would like to pay my humble regards
to my revered teacher, Dr Charubrata Ray, MB,
BSc, from whose lips I learnt how to ‘read” and “think’
Physiology. A quiet unassuming man, a scholar with
an inborn spirit of research, a teacher of rare genius—
teaching thousands of students throughout his life
without the least material interest of his own—Dr Ray
represents that long-forgotten school of ‘Indian Gurus’
with whom teaching was a creed and not a profession. In
teaching he sprouts wings. Seldom a teacher could have
claimed to have so many students and seldom could he
command so much respect from them. There are thousands
today who take his name with grateful reverence. May
he livelong and lead us with his kindly light.

For the last few decades, physiology has been making
so rapid progress that it is being increasingly difficult
for the average students to manage the subject within
the limited period fixed by the universities. Owing to
this reason, they are compelled to go in for ‘notes’,
‘synopses’, ‘made easier’ and such other short-cut
devices which somehow enable them to squeeze
through the examinations but fail to give them a
comprehensive knowledge of the subject as a whole.
This state of affairs is cutting at the root of medical
education and is likely to undermine the standard
medical graduates. What is required today is a textbook
of reasonable size, including the essentials of histology,

18th July, 1951

biochemistry and biophysics which will give the
student a bird’s-eye view of the whole subject and at
the same time enable him to pass the examination with
credit. This book is an attempt in that line.

It has been drawn up to meet the requirements of
the preclinical medical students of the different Indian
and foreign universities mainly. Advanced and post-
graduate students will certainly derive some help from
it but should not depend on this book alone. I have no
hesitation to say that a good deal of attention has been
paid to assure success in examinations. Each system
has been divided into a number of problems in such a
way that they are usually set or likely to be set as
questions by various examining bodies. At the
beginning of each system a few introductory lines have
been added in which the fundamental principles of that
system have been discussed. The students are advised
to read these portions carefully and thoroughly to have
a better grasp of the subject.

I'have tried to avoid as much of the applied aspects
as possible because it is my experience that a book
meant for the pre-clinical students, should not contain
much of applied discussions. The beginner only gets
confused and tries to cram up the unnecessary applied
details, leaving aside those portions more essential for
him. The little ‘applied” necessary for them should best
be left to the teachers.

CC Chatterjee
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Homeostasis

INTRODUCTION

French Physiologist Claude Bernard in nineteenth
century advocated that the ‘stability of the internal
environment (the milieu intérieur) is the condition for
the free and independent life’. The organism’s ability
to keep a constant internal environment was termed as
homeostasis by Walter Bradford Cannon an American
Physiologist in twentieth century. Canon explained the
concept of maintenance of constancy in internal
environment.

The composition of ions, electrolytes, water, etc.
varies between intracellular fluid and extracellular
fluid. The extracellular fluid contains more amount of
nutrients such as glucose, fatty acid, amino acids and
ions such as sodium, chloride, bicarbonate while
intracellular fluid contains higher amount of
potassium, phosphate and magnesium. Inorder to
keep a stable internal environment there is constant
adjustments of chemical composites of extracellular
and intracellular content which is aided by various
transport mechanisms. Homeostasis is a state of
dynamic equilibrium rather than a constant, unchanging
state.

All systems of humanbody participate in maintenance
of homeostasis. The physiological well-being of human

Walter Bradford Cannon
(1871-1945)

Claude Bernard
(1813-1878)

body is maintained by the harmonious functional
interaction between various systems.

Role of Various Systems of Body in
Homeostasis

1. Skeletal and muscular system: The skeletal and
muscular system is responsible for the movements
of the human body. The locomotion of entire body
is based on presence of bones to which muscles are
attached. Movements are affected by muscle. They
help in movement of limbs and locomotion.
Locomotion aids in movement of individual to meet
the need of food which provides nutrition to the
human body and aids in homeostasis.

2. Kidney: The kidney plays vital role in whole body
homeostasis. It maintains the extracellular fluid
volume, electrolyte concentration, acid-base
balance, removes waste product from the blood and
also produces hormones erythropoietin which
stimulates red blood cell production, renin which
regulates blood pressure and calcitriol which
promotes the renal reabsorption of phosphate and
intestinal absorption of calcium.

3. Cardiovascular system: Heart pumps the blood in
circulation and maintains the systemic circulation
and this aids in delivering O, and nutrients to the
various tissue and organ of the body.

4. Respiratory system: The main respiratory function

of lung is to deliver oxygen to tissue and remove
carbon dioxide from the body.

5. Endocrine system: It regulates the metabolism,
growth and development, sleep, emotions, mood,
sexual function, reproduction, stressresponse, tissue
functions among many other important body
functions via feedback mechanisms. Most of the
mechanisms of the endocrine system are negative
feedback. For example, adrenocortical releasing
hormone (ACTH) and thyrotropin releasing
hormone (TRH) are controlled by negative feedback
mechanisms.
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. Reproductive system: Ithasa little role in homeostasis.
The reproductive system relates in creation of
progeny. Sex hormones like testosterone influence
muscular growth. Estrogen, produced by the ovaries
in females, is important for bone growth. Therefore,
estrogen deficiency leads to impaired bone develop-
ment.

. Digestive system: It controls the absorption, and
digestion of carbohydrates, lipids, proteins, vitamins
and nutrient along the gastrointestinal tract.

. Special senses: Vision, hearing, taste and smell also
participate in homeostasis. Example: Vision and
hearing aids in motor and sensory response to a
stimuli while smell and taste promotes food and
water intake.

. Nervous system: It consists of central or somatic
nervous system and autonomic nervous system.
Centralnervous system controls important body functions
such as regulation of muscle tone, maintenance of
posture and equilibrium, planning and programming
of movements, co-ordination for movements,
expression of emotions, learning, memory, speech,
etc. Central nervous system perceives sensory information
and also co-ordinates motor response. Autonomic nervous
system controls sympathetic and parasympathetic
functions.

FEEDBACK HOMEOSTASIS REGULATIONS

The homeostasis regulation involves the receptor, the
control centre and the effector. The stimulus produces
change in variable. The receptor receives information
regarding the changing environment and conveys it
to control system via afferent pathway. The control
centre receives and processes the information obtained
from the receptor. The information is send along the
efferent pathway to the effector. Then the effector

Stimulus produces
change in variable

!

Receptor

T

Receptor (sensor)

3

responds to the instruction of the control centre by
either enhancing or opposing the stimulus. This is a
process in continuity which restores and maintains
homeostasis.

Hormones released by endocrine system regulate the
activities of body cells. Hormones are released into
circulation in response to stimulus. The stimulus may
either decrease or increase the amount of hormone
secretion. This self-adjusting mechanism is called
feedback homeostasis regulation mechanism. The
feedback mechanisms are of two types: Positive
feedback mechanism or negative feedback mechanism.

When the response to a stimulus increases the
original stimulus, it is known as positive feedback
mechanism while when the response to a stimulus
reduces the original stimulus, it is the negative
feedback mechanism.

Examples of Negative Feedback Mechanism

1. Thermoregulation: The core temperature range of a
human body is between 36.1°C and 37.8°C, with
average of 37°C and this is considered to be the
normal body temperature in an adult. As the body
temperature increases, the sensory receptors detect
and send the information to the hypothalamus. The
hypothalamus responds to the stimuli by initiating
vasodilatation and sweating (sweat glands in the skin
are stimulated via cholinergic sympathetic nerve)
and this decreases the body temperature. When core
body temperature decreases, there is vasoconstrictor
response via sympatheticnerve stimulation, shivering,
along with adaptive change via psychological
response (wearing warm clothes and curling up in
the bed which reduces the surface area (skin) and
this aids in preventing heat loss. Increase in metabolic
rate, thermogenesis and shivering response helps to
overcome hypothermic effects.

Regulating

control centre

Control centre

Conte cente

Effector Change in variable

initiated by s’rimulus_

Response returns
variable to
homeostasis

Return of variable to
homeostasis

Fig. 1.1: Homeostasis control mechanism
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2. Insulin mediated control of blood glucose level is
an example of negative feedback. Blood glucose
concentration increases after meals (stimulus). This
releases insulin from pancreas, and it transports
glucose from the blood into tissues (the response).
Blood glucose concentrations then lowers down

Insulin mediated control of blood glucose: Example of negative
feedback mechanism

Example: Negative feedback mechanism—control of blood
glucose level

Blood glucose level increases — insulin secreted from pancreas
— Increases glucose uptake by cells (except brain) — glucose
converted to glycogen in liver — blood glucose level decreases
— insulin release from pancreas is inhibited.

Hypothalamus

1

Release of
releasing hormone

Feedback _ I Feedback
inhibits release Pituitary gland <«— inhibits release
of hormone 1 of hormone 2

= i

Release of
stimulating hormone

|

v
Acfts on target tissue

-

Hormones secreted
by target gland

Fig. 1.2: Pituitary hormones and negative feedback
mechanism

which decreases the secretion of insulin into the
blood.

3. Pituitary hormone release: Release of releasing

hormone from hypothalamus and stimulating
hormone from pituitary gland is by negative
feedback mechanism. The hormone then work on
target gland to produced desired effect. Adreno-
cortical releasing hormone (ACTH), thyrotropin
releasing hormone (TRH), etc. are released by
negative feedback mechanism.
Example: Increase level of T,, T, hormone decreases
the secretion of thyrotropin releasing hormone
(TRH) from hypothalamus and thyroid stimulating
hormone (TSH) from pituitary directly and also via
TRH thereby decreasing the T,, T, hormone level and
vice versa.

4. Increase concentration of carbon dioxide in the
blood, stimulates the chemoreceptors; which further
stimulates the respiratory centre to increases the rate
and depth of breathing. The increased ventilation
removes more carbon dioxide and CO, level comes
down.

Example of Positive Feedback Mechanism

Positive feedback mechanism brings over further increase

in variable in response to initial increase in variable.

1. Clotting cascade: When the blood vessel gets
damaged, platelets adhere to the injured site and
release chemicals which further attract more
platelets. The platelets continue to pile up and initiate
clotting cascade. The clotting factor which is
activated further acts as enzyme to activate the other
clotting factors until a clot is formed.

Response secretion
of oxytocin

/

Impulses from
uterus relayed
to the brain

Engagement of the head

Oxytocin reaches
uterus via blood and
initiates contraction

Oxytocin stimulates
uterine confractions
and helps in parturition

of the fetus exerts pressure
over the cervix

Fig. 1.3: Parturition reflex
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2. Parturition reflex: At the full term of pregnancy at
end of the third trimester the head of the fetus gets
engaged and exerts pressure over the cervix and the
sensory information of mechanical stretch of the
cervix is relayed to the paraventricular and
supraoptic nuclei of the hypothalamus which further
increase the secretion of oxytocin from the posterior
pituitary. Oxytocin acts on the myometrium which
stimulates uterine contractions, and this in turn
further increases pressure on the cervix until the fetus
is delivered.

3. Hodgkin’s cycle: Opening of set of sodium channel
in a membrane (nerve, neuron, etc.) further activates
opening of more sodium channel leading to
depolarization.

Regulatory factor (R): It is a measure of accuracy of
regulation system that leads to some residual change
in the controlled variable, but is to a lesser extent. Thus,
reaching to state of perfect harmony of physiological
balance; may not be attainable.

R =Change with regulation/change without regulation.

Gain of control system

The degree of effectiveness with which a control system

maintains constant condition is determined by the gain

of negative feedback. The control system is not 100%

efficient; some error always remain:

Gain = Correction/error

Examples

Calculation of gain:

1. The systolic blood pressure in a subject is 120 mm of
Hg under physiological condition. The BP becomes
100 mm with regulation and 60 mm without
regulation. Whatisthe gain of the regulatory system?

The error is 20 mm; correction is 40 mm.

Thus, gain 40/20 = 2
2. A cold exposure which is expected to bring the body

temperature down to 20°C actually brings it down

only to 36.5°C.

Thus, the observed change is only 0.5°C. The expected
change without regulation is 17°C and correction is
16.5°C.

Thus, gain 16.5°C/0.5°C = 33

The gain of the system is 33.

Internal Factors Influencing Homeostasis

Genetics: Genetic predisposition leads development of
certain genetic disorders and diseases.

External Factors Influencing Homeostasis

Lifestyle modification such as balanced diet and regular
physical activities also aid in maintenance of
homeostasis. Diet devoid of iron may lead to anaemia
while balance diet will restore iron level. The regular
physical activity improves mental and physical well-
being, increases muscular mass and stability, and
increases the ability of the cardiovascular system to
deliver oxygen to the tissues.

EXAM-ORIENTED QUESTIONS

Essay

1. Define homeostasis. Enlist the various body systems involved
in homeostasis. Discuss positive and negative feedback
mechanism.

Short Notes
1. Describe positive feedback mechanism citing two examples.
2. Describe negative feedback mechanism citing two examples.
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Cell Physiology: Structure and
Functions of Cell Organelle

INTRODUCTION

The living substance of
plants and animals is
described by the general
term, protoplasm, which is
bounded by a delicate
membrane and contains
various microscopic and
sub-microscopic structures.
The smallest unit of proto-
plasm, capable of carrying
outindependent existence,
is the cell (Fig. 2.1). The
word cell (L. celli—a storeroom, a chamber) was first
introduced in the biology by Robert Hooke (1635-1703).

Robert Hooke
(1635-1703)

Lysosome

Golgl vesicles

Smooth ER
(No ribesomes) \ o

Cell (plasma) membrone —x

Centrioles (2) each composed
of ¢ microtubule friplets

The cell is the structural and functional unit of the living
matter and is capable of carrying on the processes of life
independently. The tissue which form the body consists
entirely of cell and of extracellular materials elaborated
by cells.

Furthermore, growth, reproduction and continued
responsiveness to stimuli are the characteristics of cells
and not of their parts. In unicellular organism like
Amoeba, a single cell can perform all these physiological
functions, but in multicellular organism different cells
have got various activities and accordingly these
structures have been changed according toits functions.
These functional differentiations are inevitable in a
multicellular organism; and for this reason different
kinds of cells become dependent upon one another.

Golgi apparatus
Mitechondrion

MNucleolus

Nucleus

Cytoplasm

Microtubule

S / ’
7 — 7 Rimosome

Fig. 2.1: Composite structure of a cell based on what is seen under light microscopes (diagrammatic representation)
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These functional differentiations of the cells in
multicellular organism are mostly dependent upon the
specific properties of the protoplasm with which a
particular cell is constituted. In the unicellular
organism, the protoplasm of the single cell has got the
basic properties like irritability, conductivity, contractility,
absorption, assimilation, excretion, secretion, growth and
reproduction. Thus in the unicellular organism, a single
cell is capable of multiple functions. But in the
multicellular organisms, all these properties of
protoplasm are divided and delegated to specific cells
and their protoplasm’s as well. So for the particular
functions of a cell, certain physical equipment capable
of expressing their functions must be present in the
protoplasm of those cells.

The protoplasm which bears the specific physical
equipment of a particular cell unit can be divided into
two major organizations:

1. Nucleus, composed of nucleoplasm (karyoplasm),

which controls the activities of a cell.

2. Cytoplasm (Gr. Kytos—hollow (cell) + plasma—
thing formed) surrounding the protoplasmic
nucleus, which carries out such activities.

In 1833, Brown recognized
aconspicuoussphericalbody,
nucleus, in the interior of plant
cell and subsequently it was
also found in all animal cells.

The nucleus contains chro-
mosomes which harbour the
geneticmaterials and typically
one or more nucleoli, which
are concerned with the syn-
thesis of proteins.

Organelles: Nucleus and
cytoplasm contain a number
of components of characteristic
form and staining properties. These componentsbelong
to organelles (organoids) and inclusions (paraplasm).
The organelles are small internal organs of the cells,
which are concerned as organised units of living
substance possessing important specific functions in cell
metabolism. The nature and number of organelles
determine the volume and functions of the cytoplasm.
The cytoskeleton is composed of microtubules,
intermediate filaments and microfilaments.

Robert Brown
1773-1858

Inclusion bodies: The inclusions are lifeless (non-
protoplasmic) accumulations of metabolites, e.g.
protein, lipoids (fatty, phospholipid and steroidal
compounds) and carbohydrate, crystals, pigments,
secreting droplets, etc.in addition, the nucleus and cyto-
plasm contain an apparently amorphous protoplasm
which serves as a ground or matrix where organelles lie.

Syncytium: At some places, the cell membrane is
incomplete and the protoplasm of the adjoining cells

runs together, such as inliver, umbilical cord (Wharton’s
jelly), etc. Such a mass of undifferentiated protoplasm
with scattered nuclei is called syncytium or plasmodium.

CELL STRUCTURE

In multicellular organs, the cells are not of same size
and shape only due to the presence of differentiation
of functions. But there are certain structural
characteristic features which are common to them all.
Each cell can bebroadly divided into two principal units
(Fig. 2.2):

1. Cytoplasm

2. Nucleus.

I. CYTOPLASM

The cytoplasm is the protoplasm which surrounds the
nucleus and is bounded peripherally by the cell
membrane.

Characteristic Features

1. Cytoplasm may be homogeneous, vacuolated,
granular, reticular or fibrillar.

2. The ground substance of the protoplasm, hyalo-
plasm, contains a number of bodies and structures,
vacuoles, and so on and also a number of very tiny
particles which undergo active movement—Brownian
movement.

3. The cytoplasm is capable of performing different
kinds of work directed by the nucleus. As cytoplasm
is specialized for performing special functions, the
appearance as well as the protoplasmic constituents;
are also changed from cell to cell. Hence, certain
groups of cells will be identified by their nuclei and
also by the appearance and the amount of cytoplasm.
In the light microscope, the cytoplasm can be
classified into two groups (Flowchart 2.1):

a. Cytoplasmic organelles
b. Cytoplasmic inclusions.

Membranous Organelles
Plasma Membrane

The plasma membrane or plasmalemma or cell
membrane is the outer covering of the cell and is a
flexible, responsive and dynamic structure. This
membrane isolates the individual cell from its
neighbours and takes part in the maintenance of the
internal environment by active transport of ions and
nutrients.

1. Under the light microscope, the membrane is thin
and invisible, and sometimes the limits of a cell may
be distinguished because the cell membrane is folded
to form a cuticular or brush border or because
mucoprotein or other cellular secretion is present to
coat the membrane.




]
| |
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Nucleolus

Chromatin ———

Lysosome

Smooth endoplasmic
reticulum

Free ribosome
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Ribosome

Rough endoplasmic
reficulum

Plasma membrane
Nucleus

Nuclear pore

Golgi body

Mitochondrion

Centriole
Fig. 2.2: Structure of animal cell
Flowchart 2.1: Classification of cytoplasm under light microscope
Cytoplasm
v .
Cytoplasmic organelles Cytoplasmic inclusions
| 1
v v v v v v . v
Membranous Cytoplasmic  Centrosomes Fibrils Stored Secretion Pigments Crystals
organelles ribonucleic —— filaments foods granules
acid (RNA)— and
ribosomes _tubules Carbohydrete
L|p0|qs Endogenous Exogenous
— Plasma membrane Protein I
— Endoplasmic reticulum l -
— Golgi apparatus { v '
= . Heemoglobin Due to Proteinmceous In interstitial
Mitochonaria and carotene from crystalling cells of the
— Lysosomes melanin vegetamles, dust materials of testis

2. Cell membrane are 7.5-10 nm and is a trilaminar
(triple-layered) structure. This basic trilaminar
structure of all cell membrane is generally described
as unit membrane. Athigh magnification with electron
microscope, the cell membrane consists of double
(bimolecular) layer of lipid molecules (light- stained),
which are sandwiched within the two densely
stained protein layers.

and melanin the Sertoli cells

3. Lipidlayer is mostly phospholipid of which the head
end contains the water-soluble and positively
charged phosphate group (polar or hydrophilic)
while the tail end contains the water-insoluble and
negatively charged lipid group (non-polar or
hydrophobic).

4. Phospholipid molecules of the lipid layer are
arranged in two rows where the hydrophobic ends
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Non-polar (hydrophobic) end —

Polar (hyerephilic)
end

Outer layer of -

protein melecules

Trilcarmiriar
unit membrane

Memibrane
pore

WNB
5555555

Basement
membrane

— Carbohydrate

f

99';

~— Layers of ligid
(phosmphelipid) molecules

9y

hner layer of
profein molecules

Fig. 2.3: Structure of cell membrane as seen under electron microscope (diagrammatic representation)

line up side by side in same row but abutting on the
hydrophobic ends of the other row (Fig. 2.3). Thus,
the non-polar groups of lipid molecules face each
other but the protein molecules that form the inner
and outer layers of the unit membrane are adsorbed
on the polar groups.

Cell Membrane

Structural detail of plasma membrane was proposed
in 1935 by Hugh Davson and James Danielli. They
proposed that lipid membranes are layers composed
by proteins and lipids and the membrane has pore-like
structures which allow specific permeability for certain
molecules.

The Fluid Mosaic Model

SJ Singer and GL Nicolson proposed the Fluid Mosaic

Model in 1972.

1. Cell membrane comprises approximately 55% of
proteins, 25% phospholipids, 13% cholesterol, 4% of
other lipids and around 3% carbohydrates.

SJ Singer and GL Nicolson

2. The fluid mosaic model (Fig. 2.4) states that cell
membranes are composed of a phospholipid bilayer
with admixed protein molecules freely floating
around it. It is called fluid because individual
phospholipids and proteins move side-to-side within
the layer like it is a liquid; and is termed mosaic
because of the topographic pattern produced by the
scattered protein molecules.

3. Thelipid bilayer consists of phospholipid molecules.
The fatty acid portion of phospholipid is hydro-
phobic and faces the interior of the membrane while
phosphate end is hydrophilic in nature and this faces
the exterior of the cell to the ECF on one side and the
ICF on the other side. Cholesterol which is lipid in
nature and part of the cell membrane determines the
fluidity of the membrane.

4. The proteins of cell membrane are glycoprotein and
lipoprotein. The glycoprotein acts as receptors for
hormones and neurotransmitters while lipoprotein
functions as ion channels and enzymes. (a) Some
proteins in the membrane are called intrinsic
protein as they completely span the bilayer while
others are extrinsic protein and are partly
embedded in the bilayer. (b) Some of the intrinsic
proteins are channel proteins which allow the
movement of molecules thatare normally too large
to pass through the membrane by forming a tube-
like structure that spans through the whole
membrane while other intrinsic proteins are
transport proteins (carrier proteins) which use
energy in the form of ATP to actively move subs-
tancesacross the membrane. (c) Integral proteins also
act as receptors for water-soluble chemical such as
peptide and hormone. Peripheral proteins act as
enzymes and coenzymes in order to carry out
metabolic reactions.

5. The membrane carbohydrates are in form of
glycoprotein or glycolipid. The glycol part of
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Fig. 2.4: Fluid mosaic model: Structure of cell membrane

carbohydrate molecules protrude to outside of the
cell. (a) Proteoglycans which are carbohydrate
substance bind to small protein coreand are loosely
attached to the cell membrane. (b) The lose carbo-
hydrate coat over cell membrane forms the
glycocalyx. (c) Both glycolipids and glycoproteins
can act as cell receptor sites. Hormones may bind
to them, as may drugs, to instigate a response
within the cell. They are also involved in cell
signalling in the immune system.

Discovery of cell membrane through time frame line

1895: Ernest Overton was first to hypothesized that cell
membranes are made out of lipids.

1925: The phospholipids bilayer had already been proposed
by Gorter and Grendel in 1925. Evert Gorter and Francois
Grendel observed that the red blood cell membranes are formed
by a fatty layer which is two molecules thick and thus they
described the bilipid nature of the cell membrane.

1935: Hugh Davson and James Danielli suggested a model for
the cell membrane describing it as a lipid layer surrounded by
protein layers on either side.

1957: ). David Robertson, based on electron microscopy studies
stated that all membranes in the cell, i.e. plasma and organelle
membranes have similar structure: A bilayer of phospholipids
with monolayers of proteins on either side and therewith
established the “Unit Membrane Hypothesis”.

1972: §J Singer and GL Nicolson proposed the Fluid Mosaic
Model explained the structure and thermodynamics of cell
membranes which was supported by experimental evidence.

Functions of Plasma Membrane
* Transport: It facilitates the transport of materials

acrossit. Itis selectively permeable to certain substance

and helps transports of substances needed for

survival. The various transport mechanisms are:

a. Diffusion (oxygen, carbon dioxide, small molecules,
etc.) and passive osmosis (water).

b. Transmembrane protein channels and transporters
Aquaporins for water transport, ion channels for
sodium and potassium transport, etc.

c. Endocytosis: It is a process by which cell absorbs
molecules by engulfing them: Example: Pinocyto-
sis: Small vesicles, by a process of pinocytosis
(drinking by cells), encircle and carry fluid within
it across the membrane. By the pinocytic process
fluid of smaller molecules (0.01-2.0 pym) can be
engulfed in Fig. 2.5. The inducer can increase
greatly the process of pinocytosis and phago-
cytosis: The phagocytosis (eating by cells) is similar
to engulfing of solid materials by the amoeba.

d. Exocytosis in which cells removed undigested
products brought in by endocytosis, or to secrete
enzymes and hormones or to excrete substances
outside the cell.

In addition to transport, the cell membrane:

* Helpsin the protection of cell. It surrounds cytoplasm
of cell and forms a physical barrier between intra-
cellular component and extracellular compartment.

e It anchors to the cytoskeleton to the extracellular
matrix and thereby provide shape to the cell and
maintains its structural integrity.

* Receives stimuli from the outside. The protein
component of cell membrane acts as ligand receptors.
The cell membrane contain receptor site for some
hormones, immune proteins and neurotransmitters
thus the cell recognizes and process these signals.

¢ Takes in food and excretes waste products.
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Fig. 2.5: Different phases of pinocytosis; the particle in solution approaching the cell surface (a and b) and gradually

being drunk (c to f)

When broken, it is quickly regenerated from the cytoplasm
possibly with the help of surface tension.

* They aid in cell recognition (identifiers).
Example: Glycoproteins (e.g. major histocompatibility
complex, ABO blood group antigens). The surface
protein markers which are embedded in the cell
identify the cells, thus helps neighbouring cell to
communicate with each other.

¢ Theproteinsin cellmembraneactasenzymesand catalyze
reactions and thus involved in metabolic process.

Endoplasmic Reticulum (Ergastoplasm)

These consist of network of canals (tubules) and vesicles

(cisternae). These are three-dimensional and bounded

by membrane of about 80 A in thickness. The elements

of the endoplasmic reticulum may connect intermittently
with the plasma membrane at one hand and on the
other hand with the outer nuclear membrane. Two
types of endoplasmic reticulum have been recognized:

1. Rough-surfaced endoplasmic reticulum: This reticulum
is studded with osmiophilic granules—the ribosomes
lying in rows in contact with the membranes of the
endoplasmic reticulum (Fig. 2.6). The roughness of
the membrane is due to the presence of these
granules—Palade granules.

2. Smooth-surfaced endoplasmic reticulum: This type
of endoplasmic reticulum does not possess osmio-
philic granules—the ribosomes at the outer border
of the membrane. This is why it is smooth.

Functions of Endoplasmic Reticulum

1. As the smooth-surfaced endoplasmic reticulum is
very abundant in the interstitial (Leydig) cells of the
testis and in cells of the corpus luteum, this reticulum
is concerned with the synthesis of steroid hormones.

2. In the parietal cells of the gastric mucosa, it is
concerned with secretion of hydrochloric acid.

3. In the skeletal muscle, it (sarcoplasmic reticulum) is
concerned in some way with binding of the Ca** ions

Fibosomes Secrefory granule

Fig. 2.6: Three-dimensional structural representation of
endoplasmic reticulum (rough) showing embedded
ribosomes and secretory granules on the wall (diagramma-
tic representation)

and also plays role in conducting impulses in the
substances of muscle cells.

4. In the liver cells both types of reticula are concerned
with the synthesis of protein and carbohydrate.

Microsome and Microsomal Fractions

Different fractions of cells can be obtained by centri-
fugation. After removing the nuclei and mitochondria,
one such cell fraction obtained by centrifugation at
about 20,000 to 100,000 g* was known as microsomal
fractions and was erroneously known to be a separate
type of cell organelle. But in electron microscopic

*g =981 cm per sec per sec = (981 cm sec™)
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studies of this microsomal fraction reveal that this is
nothing but a chief composition of rough-surfaced and
smooth-surfaced membranous vesicles of the endo-
plasmic reticulum. In the intact fractions the ribosomes
are adherent to the rough-surfaced vesicles. Smooth-
surfaced vesicles are also present in some portions of
microsomal fractions. So there is nothing to believe that
the microsome or microsomal fractions have got a
discrete and independent structure in the cytoplasm.

Golgi Apparatus X
(Golgi Complex) \
The Golgi apparatus was
first discovered in 1898 by
Camillo Golgi.

The structure (Fig. 2.7)
looks like a network of fine
threads (Golgi network) or
irregulargranular material.
It is usually located near
the nucleus, and in the
gland cells found between
the nucleus and apex of the
cell. Following main struc-
tures can be observed in Golgi apparatus under electron
microscope.

1. Flattened (distended) vesicles: These are the most
prominent vesicles in the Golgi apparatus. In a
longitudinal section it looks like tubules arranged
in stack. The peripheral portion of each vesicle
becomes distended with its content and then the
distended portion becomes separated from the
vesicle to constitute the ovoids to round-shaped
secretory vesicles.

2. Secretory vesicles: Under electron microscope the
secretory vesicles are not normally visible until
these are budded off from the distended
peripheral end of flattened vesicles. These
vesicles become electron dense only after being
distended with their contents—the protein

Camillo Golgi
1843-1926

Secretory

vesicle .

Stack of
saccules

vesicles

Fig. 2.7: Structure of Golgi apparatus (diagrammatic
representation)

material. Recently it is known that protein
material after being synthesised in the rough
surface (granular) of the endoplasmic reticulum
(vide ribosomes) is stored in the flattened vesicle
and the secretory vesicle as well. The contents of
the secretory vesicles are ultimately discharged
at its cell surface as zymogen granules. Protein
materials, being synthesised in the ribosome of
the endoplasmic reticulum, are not transferred to
the flattened vesicles directly but through a via
medium—the microvesicles of the Golgi apparatus.

3. Microvesicles: These are small in size and their
diameters are about 40 micron. Microvesicles have
been considered to be the carrier systems of the
protein molecules synthesised in the rough
surface of the endoplasmic reticulum to the
flattened vesicles. From autoradiograhic studies
Caro and Palade have described that protein
molecules, after being synthesised, first appear
in the microvesicles and then in the flattened
vesicles or the secretory vesicles. In certain cells
these are numerous in between the region of the
rough-surfaced endoplasmic reticulum and the
flattened vesicle.

Functions

1. It is probably concerned with synthetic process of
the cell, specially secretions. The secretory substance,
being synthesised by the endoplasmic reticulum,
passes to the Golgi apparatus which possibly
modifies the products of synthesis by concentrating
and chemically altering it to some extent.

2. In addition, Golgi apparatus independently synthe-
sises polysaccharide part of glucoprotein secretion.

MITOCHONDRIA

These are relatively solid bodies, granular, rod-shaped
or filamentous in form and remain scattered throughout
the cytoplasm (dimensions varying from 0.5 to 5.0
microns). In humans, mitochondria mDNA is inherited
solely from the mother.

Characteristic Features

1. They are surrounded by a trilaminar double
membrane, the inner one of which remains folded
and forms a number of partitions, the cristae
mitochondriales. These cristae may be complete,
septate or incomplete.

2. Numerous projecting particles known as elementary
particles are present on the inner mitochondrial
membrane and cristae. The fluid of the intra-
mitochondrial space is called matrix. The matrix may
contain small dense granules. It has been postulated
that most of the enzymes of the mitochondria are
present on the elementary particles, the coenzymes
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in the matrix, and inorganic ions like calcium and
magnesium in the granules (Fig. 2.8).

3. The number and size of mitochondria give an
indication of the energy requirements of a
particular cell. They are more numerous and
longer in the young and active cells. The sites
where Krebs cycle enzymes (cyclophorase system)
are present in high concentration like liver, kidney
(Fig. 2.9) and heart; possess mitochondria in a
larger amount. They are comparatively few in
skeletal muscle fibres where the enzymes are also
less. Mitochondria are comparatively rare in cancer
cells which derive their energy from anaerobic
glycolysis.

4. For light microscopy, mitochondria can be stained
supravitally with Janus Green B. Sometimes they

Secretory Golg
granules ampperatus
Nucleus
Mitechendria

Yot

>

Fig. 2.8: Electron micrographic representation of the basal
portion of the renal tubular epithelium (rat) embedded on
basement lamina showing part of the nucleus, Golgi
apparatus, numerous mitochondria

Cristae mitochondriales

remain grouped together at one pole of the cell.
Chemically they contain about 40% of fat (neutral
fat, phospholipids and cholesterol) and two different
kinds of proteins. Ribonucleic acid (RNA) remains
in combination with protein as ribonucleoprotein
(RNP).

Functions
1. Oxidative phosphorylation and ATP formation:

All the enzymes of the citric acid cycle with the
exceptions of certain dehydrogenase are present
in the fluid content of the mitochondria. The acetic
acid—the breakdown products of pyruvic acids,
fatty acids and also of amino acids are fed into the
mill of Krebs cycle enzymes of mitochondria. In
presence of oxygen, the Krebs cycle runs within
the mitochondria with the catalyzing help of
another set of enzymes—respiratory enzymes.
These are flavoprotein enzymes and cytochrome,
and present in the inner membrane of the
mitochondria. These respiratory enzymes use
certain products of Krebs cycle as substrate. These
enzymes present in the mitochondria help in
oxidative phosphorylation and are the site for
formation of adenosine triphosphate (ATP)
which is the high energy-producing substance
in the cell. The mitochondria supply 95% of cell’s
energy and are called powerhouse or power plant
of the cell.

. Protein synthesis: Recently it has been studied that

the mitochondria also possess some amount of
deoxyribonucleic acid (DNA). There is also some
indications that RNA is also synthesised in
association with DNA and this RNA helps in
synthesising certain amount of protein in the mito-
chondria.

Fluid matrix

Infra-mitochondrial vacuole —:'. \

(mitochondrial matrix)

Inner mitochondrial membrane —=

Quter mitochondrial membrane

Intra-mitochondrial
granule

hhd il

$0000600
H,0

— PIPTTTTT
] > 58008806

Outer mitochondrial vacuole
Fig. 2.9: Mitochondrion showing internal structures (diagrammatic representation)
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Leber optic atrophy also called Leber’s
hereditary optic neuropathy (LHON) is a
mitochondria inherited degeneration of
retinal ganglion cells and its axons
leading to acute or sub-acute loss of
central vision. Leber optic atrophy was
first described by the German Ophthal-
mologist in 1871 by Theodor Leber
(1840-1917).

Theodor Leber

LYSOSOMES

The lysosome has been discovered and recognised as a
separate cytoplasmic organelle. In 1955, Christian de
Duve and his association first postulated this existence.

Christian de Duve
1917-2013

Characteristic Features

1.
2.

Its size varies from 0.25 micron to 0.50 micron.

These are membranous vesicles having a spherical

and bag-like structure and are filled with hydrolytic

enzymes capable of demolishing large molecules

(protein, carbohydrate, lipids and nucleicacids) into

fragments which may then be oxidised by the

mitochondria.

. The lysozymes are present in all animal cells except
in the erythrocytes. Certain leucocytes contain a specific
type of granules which are considered to be lysosomes.

. The enzymes of lysosomes are potent enough to
digest its own cellular contents in which it inhabits
but in ordinary conditions it is not so happened.
Under certain conditions it may digest its own
cellular content and for this reason it is sometimes
described dramatically as suicide bag.

. Lysosomal enzymes, like other proteins, are

synthesised by the ribosomes of granular

endoplasmic reticulum of the same cell and are
transported to the Golgi apparatus in the form of
microvesicles for storage. The stored enzymes are
ultimately budded off from the stack of Golgi saccules
and developed into primary or inactive lysosomes.

6. Primary lysosome develops into active or secondary

lysosome (autolysosome) only during intracellular
digestion. The fusion of primary lysosome with the
particle brought into the surface of the cell
(phagosome) or the intracellular material gives rise
to secondary or active lysosome.

7. Lysosomes that digest the degenerated mitochondria

or other intracellular structures are specifically
described as cytolysosome.

. Lysosome enzyme do not digest own cytoplasm

because enzymes are acid hydrolase and function at
acidic pH. Hence, if the lysosomes break it unables
to destroy the organelles efficiently at cell pH.

Functions
1. Digestion: The general function of the lysosome is

the intracellular digestion and for this reason it is
sometimes described as digestive apparatus of the cell
(Fig. 2.10). When a particulate or food substance
comes in contact with cell surface, the substance is
engulfed by the cell membrane forming a membranous
vesicle with engulfed particle. The lysosome thus
meets with the particle and is fused. Hydrolysing
enzymes of the lysosome thus digest the food particle.
However, this is happened in some kinds of cells,
because in such cells the particulate is not utilised
by the cell without the help of lysosomes.

. Cell necrosis or autolysis: When the cell is damaged,

the lysosomal digestive enzymes are released and
digest off cellular elements. In case of degeneration
of its own cellular organelles, such as mitochondria
and ribosomes during acute anoxia, the lysosomes
then digest them only to maintain the energy
requirement of the cell.

. Phagocytosis is also a remarkable function of

lysosome. Leucocytes contain lysosome like granules
which destroy the ingested bacteria. During this
process, the blood cells themselves are destroyed
along with the bacteria. For this phagocytic
(phagocytotic) functions, certain cells contain
(macrophages and polymorphonuclear leucocytes)
recognisable lysosomes. In damaged cells, the
number of lysosomes; are increased greatly. Thus,
it is clear that lysosome stores safely a quite good
number of destructive enzymes within the cells only
to remove the foreign material through phagocyto-
sis. It has been postulated that the lysosome brings
about death of cells only to make space for the new
cells. Systemic growth of cells; are made through
the planned death of cells through the lysosomal
activity.

. Stimulus for cell division: The rupture of lysosome

is the stimulus for cell division and alteration of the
behaviour of lysosome may be one of the causes of
cancerous growth. Furthermore acrosome of the
spermatozoa appears to be a large lysosome.
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Fig. 2.10: Digestive function of lysosomes (diagrammatic representation)

Lysosomal storage diseases: These are inherited metabolic RIBOSOMES OR CLAUDE’S PARTICLES

disorders that lead to accumulation of various toxic materials
in the cells as a result of enzyme deficiencies. There are around
50 lysosomal storage disorders affecting different parts of the
body, including the brain, skin, heart, skeleton and central
nervous system. The few common lysosomal storage disorders
are:

Aspartylglucosaminuria: The patient presents with recurrent
history of infections, hernias and diarrhoea. The other noted
features seen are enlargement of the liver (hepatomegaly) and
enlarged tongue (macroglossia).

They are ribonucleoprotein in nature and are found
scattered throughout the cytoplasm either singly or in
groups (polyribosomes or polysomes) and range in size
from 100 to 150 A in diameter. They are so rich in RNA
that they may contain as much as 60% of total RNA in
the entire cell. These ribonucleoproteins are concerned
with protein synthesis and their presence gives the
membrane a strong basophilia. Cells responsible for the
secretion of proteins have an abundance of granular

J. . . . . reticulum.

Cystinosis: The excessive storage of the amino acid cystine in

all cells of the body results in marked growth retardation, Functions: Being attached to the rough-surfaced
impaired kidney function and increased sensitivity to light. endoplasmic reticulum ribosomes (Fig. 2.6)
Gaucher disease types 1, Il, and IlI: Gaucher diseases are of synthesise protein and the canals of the reticulum
three distinct types; types I, Il and Ill). The most affected work as passageways through which proteins move
individuals have type | Gaucher disease and presents with on way to Golgi apparatus. So ribosomes are protein
signs and symptoms of bruising, chronic fatigue, and factories.

hepatosplenomegaly. Gaucher disease type Il occurs in
newborns and infants and these patients develop neurological CENTROSOME
symptoms such as difficulty swallowing, involuntary muscle

spasms and the loss of previously acquired motor skills. It consists of another specialised part of clear cytoplasm,
Gaucher disease type Ill occurs the first decade of life. The the centrosphere, containing in its interior two or more
patient presents with complains of inability to coordinate deeply staining particles—the centriole (generally
voluntary movements and muscle spasms of the arms, legs or arranged in pairs, i.e. diplosome) lying close to the
entire body. nucleus in the resting cell.

Niemann-Pick disease types A/B, C1 and C2: It is a group of
inherited disorders related to fat metabolism. Certain Characteristic Features
characteristics common to all types include enlargement of
the liver and spleen. The children suffering from Niemann-
Pick disease type A or C may experience. Liver failure without
neurological symptoms, low muscle tone, delayed motor
development commencing before age 2, progressive live failure
which begins in infant life of seizures.

1. Electron microscopy has revealed that the centriole
is an empty cylinder which is 3 to 5 micron long and
the compact walls of centrioles are made of thin
parallel nine tubular structures longitudinally
arranged. Each tubule consists, in turn, of three

subunits or triplets.
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Centriolar tubule
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Fig. 2.11: Arrangement of centriolar fubule, nine in number, each tubule consisting of three centriolar subunits in right-

sided inset (diagrammatic representation)

2. The pericentriolar bodies or satellites which are round
in shape are attached to centriolar tubules by a
filament of chromatid (Fig. 2.11).

3. Centriole is closely related to spindle formation during
mitosis (normal cell division) and also in sustaining
other fibrillar structure like cilia and flagella. At the
beginning of cell division, the centriole and
centrosome divide.

4. A system of radiating lines, made up of micro-
tubules, then grows out from each of the two
newly formed centrioles and the whole structure,
due to its star-like shape, is called aster. The two
asters grow in size and repel each other till they
occupy the opposite poles of the elongated cell.
The diverging fibres from the two asters meet at
the equator of the cell and form the achromatic
spindle.

5. Along the fibres of this spindle; half the number of
chromosomes—formed by the breaking up of the
nucleus in the mean time—are drawn towards each
aster and then the cell divides. Each daughter cell
thus carries one aster and half the number of
chromosomes.

6. After division the radiating lines (microtubules) of
the astral system disappear leaving the centrioles and
the centrosome only. Nerve cells have got no
centriole and are incapable of reproduction.

Functions: Centrioles control polarisation of spindle
fibres and play some part in their formation.

Plasmosin: Itis a constant and characteristic constituent
of cytoplasm. It consists of elongated protein particles
rich in deoxyribonucleoprotein. They join up
lengthwise and form the so-called intracellular fibrils,
e.g. tonofibrils in the epithelial cells, myofibrils in the
muscles, and neurofibrils in the nerves.

Vacuoles: They are demonstrated by placing living cells
in a dilute neutral red dye solution. Some amount of
lipid materials are often found around the vacuoles.

Nissl bodies (granules): They are found in nerve cells.

Il. NUCLEUS

The nucleus (Fig. 2.12) is generally a round body
occupying the centre of the cell. Its shape, size, position
and number vary. The nucleus may contain many lobes.
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Fig. 2.12: Structure of nucleus

Usually most mature cells possess a nucleus, but there
are certain larger cells in the body which may contain more
than one nucleus. If the nucleus is removed, the cell dies.

Characteristic Features

1. The nuclear material differs from the cytoplasm in
several respects. First, it is more opaque to the ultra-
violet rays. Secondly, it shows many selective
staining reactions but usually takes basic stain, while
cytoplasm may take neutral, basic or acid stain.
Thirdly, the nucleus is very rich in deoxyribonucleic
acid (DNA), while cytoplasm is rich in ribonucleic
acid (RNA).

2. The nuclear membrane is also a unit membrane.
Surrounding the nucleus, there is a lipoprotein
nuclear envelope. This envelope is double-layered
and the spaces between two folds are known as
perinuclear cisterns.

3. In the apparently quite permeable membrane of the
nucleus, pores (areas of discontinuity) of about
6 micron diameter are closed by a thinhomogeneous
membrane which permits passage of molecules from
the nucleus to the cytoplasm (Fig. 2.13). This indicates
connecting link between the genes and ribosomes,
the site of cytoplasmic protein synthesis.

Nucleolus

Inside a nucleus there is usually single or may be from
two to five smaller bodies known as nucleolus or
nucleoli which lieamong nuclear sap (karyoplasm) and
among the pale-staining karyoplasm chromatin
granules lie.

Characteristic Features

1. The nucleolus comprises the irregular network or
rows of fine granules, nucleolonema as seen in EM.
The nucleolus loses its identity during cell division.
The nucleolus contains still smaller nucleus known
as nucleololus or nucleolinus or nucleolonucleus.

2. The nucleus is responsible for the synthesis of
messenger RNA (mRNA) which carries the genetic
information in code through the pores in the nucleus.

Nuclear
amaorphous
matrix

Nuclear membrane

with pores

Fig. 2.13: Diagram shows chromosomes extending through
amorphous matrix and innermost limit of cytoplasm and
porous nuclear membrane

Recently it has been studied that mRNA is formed
in the strands of DNA within the nucleus and
actually the strands of DNA (Fig. 2.14) direct the
synthesis of specific nRNA.

3. The mRNA thus formed in the nucleus comes out of
the nucleus for carrying the DNA-message to the
protein-synthesising centre (ribosome) of the
cytoplasm. Here it is attached to the ribosome and
stretched out (Fig. 2.15) on its surface to direct the
protein synthesis.

4. The amino acid sequences in the protein are
determined by the transfer or soluble RNA (tRNA
or sRNA) which recognises the code for the amino
acids; the tRNA is carrying to the particular spot of
the ribosomal surface where the mRNA is already
attached.

5. Main function of tRNA is to transfer the specific
amino acid to the template of mRNA for correct
amino acid sequence. There are 20 specific tRNA for
20 specific amino acids. With the help of these tRNA
the protein is synthesised with proper sequences at
the template of the mRNA and are stretched on the
surface of the ribosome.

6. After completion of protein synthesis, the protein
molecules become detached from ribosomal particles
and pass into the canal of the endoplasmic reticulum.
From here it passes into the Golgi complex.

Structure of Nucleus

According to staining reactions, two types of nucleoli
are found. Those taking basic stain are called
karyosome, and those taking acid stain, plasmosome.
The body of the nucleus is made up of a fine network
of a particular substance, called linin. The meshes of
this network are filled up with clear protoplasm—the
nucleoplasm (karyoplasm, karyolymph or nuclear sap).




Human Physiology

Cytosing Cytosing
w B =]
oL,

H

Guanine = (=)

S K

MH, Base pair
h
Adenine | [A] al
H— }'
S
H J
Uracil B — \ ‘—‘ Mymine ¢ [ |
I / e HC H
- Helix of ‘hﬁ .

H suger phosphetes — ' H
Nucleobasas ; MNucleobases
of RNA of DNA

RNA BNA
Ribonuclgic acid Deoxvribonucleic acid

Fig. 2.14: Structural difference of helical arrangement of DNA strand and RNA strand having joints with their corresponding
nitrogenous bases (diagrammatic representation)

__——Celmep,,
- %

Nucleus
Nuclear membrane

'qcf ""'--.,_“M = )
bn, ot b Bl AR} + Epee kg
\ ; 4};0 NN PR
Relsased Act. AA. P

~ean Enz. and AMP Q@,ﬁ‘ “ /:;_-f""

Fig. 2.15: Diagrammatic representation of the functions of DNA, mRNA and tRNA in protein synthesis
A.A.—amino acid; Act. A.A. Enz.—activated amino acid enzyme; Act. A.A.—activated amino acid; ATP—adenosine
triphosphate, AMP—adenosine monophosphate; GTP—guanosine triphosphate



Cell Physiology: Structure and Functions of Cell Organelle 19

In unstained specimens nothing more can be seen. But Kinetochore .
in stained specimen, numerous particles of blue- P e
staining materials of irregular shape but smaller than
nucleoli are found in the nucleus. This material is

'y,

J‘ ¥

)
)
o,

generally described as chromatin. ‘\_; d]\f' 1 } |
CHROMATIN Heterochiomatic — 1;}5,[31

parts | ok o
Chromatin contains different genes which determine | 15 *I: r*
the heredity of the cell, and again the reassembly of _ f L'f":;-‘,j;‘
different chromatins form chromosome, it likely would ' E._-}'; *;L; ,'
invite different accidents. There is likely chance that | \ 17/

the genes belonging to one chromosome would have
been incorporated into another chromosome. |

Euchromatic parts

Characteristic Features Secondary Chromonema
constriction

1. Chromatins seen in interphase nucleus are densely (
stained scattered portions of chromosomes and these \
are visible in the microscope. This visibility of the "
chromosome mainly depends upon the coiling and Chrormatid
unc91lmg of th? c'hFomosomes. Fig. 2.16: Electron microscopic structure of chromosome

2. During cell division the chromosomes become  (giggrammatic representation)
tightly coiled and this coiled chromosomes or the

coiling portions of the chromosomes are stained L . i
deeply. But following cell division or in interphase - The euchromatin is actively engaged in the synthesis

Chromomere
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stage the coiled chromosomes become uncoiled all
over its length but some portions still remain
coiled. These tightly coiled portions become visible
as granules or granular mass in the interphase nuclei.

3. Chromatin can thus be described as heteropyknotic,
because of having one or two densities. On the basis
of density in staining, the chromatin can be grouped
into two types (Flowchart 2.2). The coiled portions
of the chromosomes are called the positively
heteropyknotic and the uncoiled (expanded) portion
is called the negatively heteropyknotic.

4. Buton the geneticbasis, there is another terminology
for chromatin. The extended portion of the
chromosome is genetically active and is called
euchromatin and the coiled portion (positively
heteropyknotic) is genetically inactive and is termed
heterochromatin (Fig. 2.16).

Flowchart 2.2: Classification of chromatin
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of specific messenger RNA (mRNA). It is believed
that the heterochromatic portion is concentrated with
DNA and RNA while the euchromatic region
contains DNA and histone.

Chromosomes

Thus from the preceding section it can be emphasised
that the chromosome is present as individual bodies
in the interphase as well as in the mitosis. The
predominant component in the chromosome is DNA
molecule.

The genes are located in chromosome of the nucleus
and can be called the discrete unit of transmission of
hereditary character, because it is the specific locus or
spot on a chromosome carrying the genetic material or
information for a specific character. The gene is a part
of the DNA molecule.

Structures of Chromosomes
Characteristic Features

1. Each chromosome consists of one to four coiled
threads called chromonema and also contains
juxtaposed minute particles known as chromomeres
(Fig. 1.15) which are rich in DNA.

2. Most of the chromosomes possess usually two
constrictions—primary (kinetochore) and secondary.

3. Chromosomes having terminal or almost terminal
kinetochore are called acrocentric chromosomes.

4. While chromosomes having unequal arms and
almost centrally situated kinetochore are known as
metacentric chromosomes.
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5. Chromosomes possessing secondary constriction in
addition to primary one are called submetacentric
chromosomes (Fig. 2.17).

Autosomes and sex chromosomes

In human being, there are 46 chromosomes,
arranged in pairs, in the nucleus of each cell. In
each individual somatic cell nucleus, there are 22
pairs of somatic chromosomes, also called
autosomes, which are homologous and concerned
with the transmission of ordinary hereditary
characteristics and the remaining pair is
concerned with the determination of sex.

In the female, the sex chromosomes consist of a
pair of identical large X chromosomes, whereas
in the male, the pair consists of an X chromosome
and a Y chromosome which is small and has
influence on sex determination.

One of the X chromosomes, present in the female,
is tightly coiled and can be seen under microscope
in the nuclei of squamous epithelial cells and
neutrophil granulocytes. This X chromosome may
also be present in sexually abnormal cases.

On the other hand, in females germ cells (gametes)
have 22 autosomes and one X chromosome; in
males it may be 22 autosomes and either an X or
a Y chromosome.

It is these chromosomes which determine the
specific characteristics of the cell and it is through

_] Infron 1 —j

them than that the hereditary qualities pass from
one generation to the other.

Cell life
* Nucleusis the most essential part of the cell. Upon

it depends; the power of morphological and
chemical synthesis.

The non-nucleated fragment of the cell quickly
dies; because it possesses no power of synthesis
and regeneration. While that fragment of a cell
which contains the nucleus, rapidly re-synthesize
the lost parts and carries on normal life. If the
nucleus of a cell is punctured, the cell dies.

From the above facts—it seems that whole cell
life appears to be divided up into a number of
functional compartments and that each one of the
so-called organoids possibly acts as the presiding
officer of a particular department of cell life.

GENE EXPRESSION AND REGULATION

The functional unit of DNA is recognized as a gene.
Cellular functions are genetically influences and it is
the gene expression which determines the variation in
cellular activities amongst the various cells of our bodies.

The different proteins which are synthesized in

varied tissues of the body mainly depend on the gene
expression. The transcription (synthesis of RNA from
DNA) and translation (genetic message which is
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received from DNA by mRNA is converted into chain
of polypeptide with typical amino acid sequence)
process involved in synthesis of proteins has been
explained under heading nucleolus and nucleus and also
depicted in Fig. 2.15 earlier. The gene unit is composed
of exons, introns and regulatory DNA sequences.

1. Exons: These are the coding sequence of DNA

which code for formation of RNA.

2. Introns: These are the DNA coding sequence.

3. Regulatory DNA sequence contains repressor,
promoter and operator.

There is sequence of nucleotides on the DNA strand
immediately ahead of the gene to the transcribed and
is called promotor. The RNA polymerase which has an
appropriate complementary structure which identifies
or recognizes the promotor and gets attached to the
promotor. It is the recognition site where the RNA
polymerases attaches to area which is transcription start
site. As RNA polymerases attaches; the promoter
sequence proceeds along exons and introns. Operator
lies between the promoter and exons and introns and
occupies around ten nucleotide space. There is a
repressornucleotide sequence after the promoter region
and identified as 5’ region. This region codes for
repressor protein that if get attached to operator shall
prevent the RNA polymerase from moving ahead
towards the structural gene.

Recombinant DNA technology: The factors influencing
gene regulation are regulation through mRNA, gene
rearrangement, regulation through transcription factors
and gene amplification. Recent advances in genetic
engineering has build up the recombinant DNA
technology today which is being used for synthesis of
hormones (growth hormone, erythropoietin, etc.), gene
therapy, lab diagnosis of HIV /AIDS virus, DNA finger-
printing for identifying the persons in forensic labs, etc.
Moreover, the amplifying target DNA sequence helps
in sex identification, diagnosis of AIDS, etc.

Heredity: Heredity, according to Oxford Dictionary, is
the property by virtue of which offspring inherit the
nature and characteristics of parents and ancestors. G
Mendel (1865) postulated that chromosomes contain
the hereditary characters, which are now known to be
ultra-microscopic DNA particles.

Genes and Genetic Diseases

Genes are ultra-microscopic DNA particles present
inside the chromosomes, which are carried from one
generation to other, carrying the hereditary characters
along with it. Depending upon the effectiveness of the
gene to influence the character of the offspring; the genes
from the parents might be shown prominently in the
offspring, in which case it is called dominant gene. It is
also possible for the characters not to be exposed, and
then the gene is named as recessive gene. If one of the

gene is dominant and the other recessive, the character
of the dominant gene is indicated in the offspring.
Some of the hereditary diseases are transmitted from
parents to offspring due to dominant gene. Here at least
one of the parents has the particular disease. The diseases
inherited are, certain types of retinitis pigmentosa,
sickle cell anaemia, night blindness, a number of
metabolic disorders (pentosuria, lipomatosis), etc. There
are some diseases which may be carried over to the
offspring through recessive gene. Here the parents are
apparently healthy but simply act as carriers. Children
born of closely related parents have a greater chance of
these diseases to be transmitted to them. Diseases
transmitted, arealbinism, hepatolenticular degeneration,
certain metabolic disorders (alcaptonuria, cystinuria,
fructosuria), etc. Some of the hereditary diseases may be
due to pathologic characteristics of one of the sex chromo-
somes, only the male sex usually suffer from some here-
ditary diseases like haemophilia, colour blindness, night
blindness (nyctalopia), etc. The female acts as carriers.

Applied physiology: Example of sex-linked inheritance
of haemophilia. In this disease which is due to
hereditary disorder, the blood does not coagulate
extravascularly. This disease is transmitted by ‘sex-
linked” transmission. The haemophilic gene is linked
with recessive X chromosome in female which only acts
as carrier of the disease but does not suffer from it. This
is due to the other X chromosome in female being
dominant. If any female carrier (xX) marries a normal
male (XY), some of their male offspring (xY) will suffer
from the disease and again some of the female offspring
(xX) will act as carrier in the first generation (Fig. 2.18A).
In case of marriage of male sufferer (xY) with a normal
female (XX) male offspring of the first generation will
have no abnormalities (XY). But the female offspring
will be the carrier (xX) (Fig. 2.18B). In case of marriage
between female carrier (xX) and male sufferer (xY), a
certain percentage of both male and female offspring
the first generation will suffer from the disease and
some of the female will be carrier only. According to
Mendel’s law of heredity dominant gene always
characterizes over the recessive sex-lined gene. The
female carrier (xX) does not suffer only for having
dominant gene ‘X’ from the male. On the same ground
the female may suffer when the individual possesses
the recessive sex-linked gene (xx) (Fig. 2.18C).

CYTOPLASMIC INCLUSION

The cytoplasmic inclusions are not the living metabolic
machinery of the body but are certain structures present
in the cytoplasm of the cells.

These are:

1. Stored foods

2. Secretion granules
3. Pigments crystals

,
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1. Stored foods: A healthy subject can withstand Protein: It is rarely stored as cytoplasmic inclusions

starvation: For weeks, only because of his stored
foods in the cytoplasm. Every cell for its metabolic
functions requires fuel and this fuel is always
supplied from external source. When this external
source fails to supply, the internal food source—
stored foods in the cytoplasm thus maintain it for a
certain period. These stored foods are the protein,
carbohydrate and fat which are present as inclusions
in certain cells.

Carbohydrate: It is absorbed from the intestine in
the form of monosaccharide and stored in the
cytoplasm of animal cells as macromolecules—
glycogen. It is stored as such particularly in the liver
cells and also in other cells too.

Fat: It is mostly stored in connective tissue fat cells
and it may also accumulate in the liver cells under
certain conditions of dietary deficiency.

and cells at a certain stage consume their own
cytoplasm as a stored food. Reserve of protein mainly
exists in the matrix.

. Secretion granules: Digestive enzymes and other

fluid materials are synthesised from raw materials
brought in the cytoplasm through the blood and
tissue fluid. These materials remain in the cytoplasm
as small globules or droplets of fluid and usually
precipitated in the form of granules during fixation.
These granules can be stained successfully with
special histochemical techniques.

. Pigments: There are certain pigments in the

cytoplasm. In order to be visible these pigments do
not require any dye for staining. These pigments are
present as cytoplasmic inclusion in the cell. They may
be classified into two groups: Endogenous type and
exogenous type.
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Endogenous Pigments

These pigments are those which are synthesized within
the body. These are as follows:

Haemoglobin and its derivatives: Haemoglobin is the
iron containing pigment of the red blood corpuscles
(RBC). In normal condition the lifespan of red cells
averages about 120 days, as they are destroyed by
phagocytosis. The haemoglobin of these cells is broken
down into haemosiderin (iron containing pigments) and
haematoidin (non-iron containing pigments).

a. Haemosiderinis disposed in the cytoplasm of phago-
cytes as granules or an irregular mass. Normally it
is also present in certain amount in phagocytes of
spleen, liver,bonemarrow, and the quantity is increa-
sed during rapid destruction of RBC in diseased
state. A green pigment, biliverdin, is the breakdown
product of haemoglobin. On reduction biliverdin
gives rise to a yellow-brown pigment, bilirubin.

b. Haematoidin is a breakdown product of haemoglo-
bin during destruction of RBC and is identical to
bilirubin. Bilirubin does not contain iron and is very
soluble. For this reason it is dissolved in the blood
and is not stored in the cells and thus is continuously
removed from the liver cells into the bile.

Melanin: This is a brown-to-black pigment present in
the skin, eye, etc. This pigment is absent in the albino.
The dark colour of the Negroes is due to the presence
of this pigment in a largeamount. This pigment is present
in the cytoplasm of cells as granules or cluster of granules.
It is tyrosine derivative and its concentration in the cells
alters during derangement of tyrosine metabolism.

Exogenous Pigments

These are the yellowish pigments: Carotene and
lipochrome

1. Carotene pigments sometimes accumulate in the cells
when excess carrot is consumed. Sometimes it may
look like jaundice as the carotene pigment gives a
yellow colour of the skin and the body fluid.

2. Lipochrome is present in the vegetables. Besides
these, certain dusts like carbons and minerals like
lead and silver are also present. Lipochrome is also
ayellow pigmentpresentin certaincells particularly
in older ones. Its quantity mostly depends upon the
wear and tear of cells. Furthermore the quantity of
lipochrome in the cells is mostly dependent upon
the activity of cells. It is present in the liver, muscle
and cardiac cells. Recently it is described that
lipochrome is present in the lysosome and is
sometimes referred to as lipofuscin. It is soluble in
fat solvent and present in several types of cells
already described.

3. Dust: Coal dust may be deposited in the body
through inspired air. Pigmentation may occur in the
system which may not be so harmful.

4. Minerals: Certain minerals like silver or lead taken
through mouth may produce pigmentation in the
body. Gray pigmentation of the body may occur due
to taking excessive silver as medicine. Similarly
excessive lead may produce lime in the gums.

Crystals: Certain cells such as Sertoli and interstitial
cells of the testes contain certain proteinaceous crystalline
materials. In significance is quite unknown.

CELL DIVISION AND NUCLEAR DIVISION

This process can best be studied by using the drug
colchicine which arrest nuclear division at metaphase.
The division of one cell into two daughter cells is the basis
of the continuity of life and underlies the complexity of
metazoan organisms. Mitosis (indirect cell division),
amitosis (direct cell division) and meiosis are considered
as some of several types of existing cell division.

Cell division may be separated into:

1. Karyokinesis: Division of nuclear material starts
with doubling of the chromosome in parent
nucleus, followed by distribution between two
daughter nuclei in equal proportion.

2. Cytokinesis: Cytoplasmic division in which each
of two daughter cells receives one of the daughter
nuclei. In a few cell types, karyokinesis may occur
without cytokinesis.

Mitosis (Fig. 2.19)

During growth or regeneration of tissue, cells divide
by mitosis. Each chromosome reproduces itself by
splitting lengthwise, so that two identical portions (or
chromatids) pass to the daughter cells and grow into
mature chromosomes identical with those in the parent
cell. Normal cell division or mitosis is divided usually
into four stages—prophase, metaphase, anaphase and
telophase. The interval between each cell division which
is comparatively long is called interphase. The process
of mitosis together with interphase period constitutes
the cell cycle. The cycle is extremely short in the case of
intestinal epithelium and very long in adult hepatic cell.

Prophase

During the stage of prophase each chromosome looks
as a pair of long entwined filamentous structures
throughout the nucleus due to coiling of DN A molecules.
They gradually shorten and thicken and become darker.
The two centrioles with microtubules forming asters
move to the opposite side. Spindle (group of tubules)
becomes visible. At the end of prophase nuclear
membrane and nucleolus disappear. The chromosomes
separate from each other and become prominent.

Metaphase

In the stage of metaphase, the chromosomes assemble
at the equator of spindle fibres. Chromosomes appear
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as if suspended by microtubules (spindle filaments) in
a single plane midway between two asters. Two
chromatids are formed from each chromosome by
longitudinal splitting.

Anaphase

During anaphase the separated chromatids which form
the chromosome of the daughter cell move towards the
opposite poles of the cell. Newly separated chromatids
now are new chromosomes.

Telophase

In the stage of telophase, a gradually elongating nuclear
membrane due to uncoiling of DNA molecules is
formed around two groups of chromosomes. Spindle
fibres disappear. Formation of nucleolus completes the
process of cell division and two identical daughter cells
after cytokinesis are usually formed from one parent
cell. The different cytoplasmic organoids of the parent
cell are distributed between the two daughter cells.

Interphase

This is a period between end of telophase of one cell
division and beginning of prophase of next division.

Chromosomes become elongated and too thin to be
visible as such but chromatin granules are visible. Each
chromosome duplicates (duplication of DNA
molecules) forming two chromatids attached at
centromere. Two newly formed cells grow.

Meiosis

Meiosis is the heterotypical process of the formation of
germ cells, or sexual reproduction. This process occurs
during spermatogenesis and oogenesis and starts at the
stage when the primary spermatocytes and oocytes
divide to form secondary spermatocytes and oocytes
respectively. By the process of meiosis or reduction di-
vision eachmale or female germ cell has in it 22 autosomes
and either an X or a Y chromosome (only in sperms). In the
course of fertilisation the male germ cell (spermatozoon)
and female germ cell (ovum) unite and the numbers of
chromosomes are restored to the original 23 pairs. When
the sperm and ovum unite, the resultant cell (zygote)
possesses a full (diploid) complement of chromosomes,
one half from the female parent and another half from the
male. This process of meiosis is essential to prevent the
otherwise doubling of the number of chromosomes which
would have taken place by the usual process of mitosis.
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Amitosis

It is a direct process of cell division and under which
the nucleus of the cell first constricts in the middle to
divide into twonuclei. After that the cytoplasm divides
in the centre into two units and each cytoplasmic unit
contains one nucleus. Thus from one cell, two daughter
cells containing nucleus are formed.

LIFE CYCLE OF CELLS

Two major types of cell may be recognized:
1. Somatic cells
2. Gonadal cells
* Somatic cells are the diverse cells which make up
the somatic structure of the body being fated to
die with or before the individual they constitute.
A somatic cell begins its span of life as one of the
daughter cells of a mitotic division. The frequency
of mitotic division and the consequent production
of daughter cells vary with the cell type.
¢ Gonadal cells are gametes (i.e. spermatocytes and
oocytes) capable of uniting sexually to form a new
individual.

FORMATION OF TISSUE, ORGAN AND SYSTEM

The cells in the body of the multicellular animals vary in
structure and function. It is seen that one variety of cell per-
forms one kind of work and constitutes one type of tissue.

Tissue

Tissue may be defined as an aggregate of same type of
cells combined by sub-serving the same general
function independently and united by varying amounts
of intercellular substance (e.g. blood, bones, cartilage,
muscle, nervous tissues, etc.).

Organ

An organ is a group of more commonly two or more
tissues, which basically function independently in some
instances, in particular patterns to form larger functional
units (e.g. blood vessels, kidney, skin, glands, etc.).

Organ System

When several organs function inter-relatedly they form
organ system (e.g. respiratory system composing the
nose, larynx, trachea and lungs; urinary system
comprising kidney, urethra and ureters). This arrange-
ment is based upon the principle of division of labour
and is an essential requirement for coordinated living.
1. One group of cells is set apart for one function and
will specialise for that job. During the initial stages
of embryological development the cells are all
similar. As development proceeds, one group of cells
takes up one particular work, and in order to perform
the work in the best possible way, it undergoes the
necessary change in structure and mode of life. This
process of adaptation of a cell, for the purpose of

doing a particular function, is called differentiation
or specialisation.

. The fertilised ovum (zygote) divides at first into two
cells, these again into two more, and so on until a
large mass of embryonic cells is formed. The first
few cells are believed to be totipotent, which means
that, each one of them has got the potency of creating
a totalindividual. The first evidence of differentiation
is found in this cellular mass, where the cells
become arranged in three distinct layers, known as
the ectoderm, the mesoderm and the entoderm. The
following tissues, in general, are derived from the
three germ layers, described below.

Ectoderm: Epithelium of mouth, nose, anterior surface
of cornea, external auditory canal, skin, hair, urethra,
etc. and also some glands like sweat (or sudoriferous),
sebaceous (or oil) and mammary glands, the
endocrine system (pituitary, adrenal medulla and
pineal gland), brain and cranial motor nerves.
Mesoderm: Connective tissue including blood and
bone marrow cells, the three different kinds of muscle
in general, lymphatic organs, endothelium of blood
vessels, epithelium of urinogenital tracts (e.g.
urethra) and the adrenal cortex.

Entoderm: Epithelium of the digestive and respiratory
tract, bladder, thyroid, parathyroid and thymus.

Cancer cells malignant neoplasm

The genetic structures of the normal tissue cell and the cancer
cell (malignant neoplasm) are different. These differences
between them are quantitative rather than qualitative. These
concern their functional potentialities and behaviour rather
than their requirements and constitution. The similarity between
normal tissue and cancerous tissue is that there is no magic
bullet which seeks out the unwanted cancerous structure and
leaves uninjured the normal tissue and organ from which the
neoplasm has arisen. This neoplasm disrespects normal growth
limits and does not obey the feedback mechanism which
normally controls the cellular growth and reproduction. The
cancer cells are not controlled in such a way, and so they can
grow and proliferate without any limits. These cells compete
with normal cells for the available nutrients. When the number
of cancer cells increase to a great extent, they draw all the
nutrition. As a result the normal cells suffer from lack of it and
death ensures. For example, the cells of normal epidermis
combine to form a tissue whereas the cancer cells which arise
in the precursors of white blood cells (leukaemia) are
individual. Due to their rapid mobility, the cancer cells spread
throughout the body and do not combine to form a tissue.
When the overgrowth of tissue proceeds without any regard to
the surrounding tissues or the requirement of organism as a
whole, this excessive usually progressive and apparently
purposeless process is known as neoplasm or new growth.
By adding suffix oma, simple or benign neoplasm of epithelial
tissues from the surface epithelium can be described as
papilloma; that of epithelial tissues from the grandular
epithelium adenoma that of fibrous tissue, fibroma; that of
muscle, myoma; that of adipose (fatty) tissue; lipoma and
malignant or cancerous neoplasmas are carcinoma from
epithelial tissue and sarcoma from connective tissue.

,
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SPECIAL STRUCTURAL FEATURES OF CELLS
Cell Junctions (Fig. 2.20)

It is the connection between the neighbouring cells or

the contact between the cell and extracellular matrix.

The cell junctions are classified into three types:

Occluding junction, communicating junction and

anchoring junction.

1. Occluding junctions: These are cell-to-cell junction

that seals cells together in an epithelium. Example,
tight junction.
Tight junctions: They are also called as occluding
junctions or zonulae occludens. They are the closely
associated areas of two cells whose membranes
fuse forming an impermeable barrier to fluid. They
provide strength and stability to the cell. They are
seen in the wall of renal tubules, choroid plexus
and along apical margin of intestinal mucosa.

\ - . Interlocking
{ junctional proteins

—
—

i -
b %
\
= NN
LY

General PhysiologyJ

Sec I:

nterceliular
space

— Picque
# /  (desmoplakin)

Cadherin
adhesion

\AA / =2 Intfermediate
- 17. = — 2 ; 3
¥ filament

protein (S
Intercellular
== ShecCe
— Keralin
cytoskeleton
B prefein

Channel
betwean cells

c Intercelular
smace

Fig. 2.20A to C: Caelljunctions: (A) Tight junction; (B) Desmo-
some, (C) Gap junction

2. Anchoring junctions: These are desmosome (connects
intermediate filament of one cell with other cells),
hemidesmosome and anchoring junction. Desmo-
somes are also known as macula adherens and is a
cell structure specialized for cell-to-celladhesion. The
cell adhesion proteins of the desmosome are members
of the cadherin family. The hemidesmosomes look
like half-desmosomes that attach cells to the
underlying basal lamina. The hemidesmosomes use
desmopenetrin cell adhesion proteins which are
members of integrin family. The adherens junction
exhibit there nature of anchor through their
cytoplasmic actin filaments.

3. Communicating junctions: Cell junctions which
permit the intercellular exchange of substance are
called communicating junctions. These junctions
permit the movement of ions and molecules from
one cell to another cell. The two types of communicating
junction are gap junction and chemical synapse.
Gap junctions: These are low resistance intercellular
junction that allow passage of ions and smaller
molecules between the cells. It is present in heart,
basal part of epithelial cell of intestinal mucosa, etc.
The junctional unit is connexons which are array of
protein (contains 6 connexins sub-unit). The
connexons of one cell align with connexon of other
cells. The intercellular space narrows from 25 to 3 nm
at gap junction. They act as channel allowing passage
the substance having molecular weight less than
1000, aid in exchange of chemical messenger between
cells and are responsible for rapid propagation of
action potential from one cell to another cell.
Chemical synapse: 1t is the junction between a nerve
fiber and a muscle fiber or between two nerve fibres;
and through which signals get transmitted by the
release of chemical transmitter.

Cell adhesion molecules (CAMs): These are proteins

which are present on cell membrane and are involved

in binding of one cell to another or with extracellular

matrix (Fig. 2.21). These proteins act as trans-

membrane receptor and consist of three domains:

1. Extracellular domain (binding domain)—that
interacts either with CAMs of the extracellular
matrix or other CAMs of the same kind.

2. Intracellular domain (cytoplasmic domain)—
which interacts with cytoskeleton.

3. Transmembrane domain

These cell adhesion molecules can be divided into
4 major families: Cadherin superfamily, selectins,
imunoglobulin superfamily and the integrins.

Cadherins are calcium dependent homophilic
glycoprotein and are concentrated at intermediate cell
junctions and it links actin filament network via specific
linking proteins catenins.

Selectins: They are family of heterophilic cell adhesion
molecules which bind fucosylated carbohydrate. The
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three family members of selectins family are E-selectin
(endothelial), P-selectin (platelet) and L-selectin
(leukocyte). The P-selectin glycoprotein ligand-1
(PSGL-1) is expressed on all white blood cells.

Immunoglobulin superfamily molecules: They consist
of more than 25 molecules. Few of the importantimmuno-
globulinsuper family molecule are Intracellular adhesion
molecule 1(ICAM1; CD54), intercellular adhesion
molecule 2 (ICAM2), platelet endothelial cell adhesion
molecule 1 (PECAM 1; CD31), vascular cell adhesion
molecule 1 (VCAM1; CD106) and mucosal addressing
cell adhesion molecule 1 (MAdCAM]1).

Integrins: There are twenty different heterodimeric
combinations of integrins (having fifteen different o and
eight different B subunits) at cell surfaces. They bind
epithelial and muscle cells to laminin in the basal
lamina, allow white blood cells and fibroblast to adhere
to fibronectin and collagen as they move and also allow
platelets to stick to exposed collagen in a damaged
blood vessel.

Roles of Cell Adhesion Molecules

1. They promote cell to cell and cell to matrix interactions.

2. They play critical role in many normal biological
processes.
Examples: Embryonic cell migration, immune system
functions, wound healing.

3. They participate in intracellular signaling pathways
(primarily for cell death/survival, secretion, etc.).

Molecular Motors

These are the biological molecular machine which
has a vitalrole in movement inliving organisms. Few
examples of biologically active motor molecules are:
1. Cytoskeleton motors: These are myosin, kinesinand
dynein. Myosin aids in intracellular cargo transport
and muscular contraction. Kinesin moves the cargo

inside the cell along the microtubules away from the
nucleus while dynein transports cargo along
microtubules towards the cell nucleus.

2. Polymerisation motors: Few polymerisation known
molecular motors are actin and dynamin. Actin
polymerisation using ATP which generates forces and
can be used for propulsion. Dynamin separate clathrin
buds from the plasma membrane using GTP.

3. Nucleic acid motors: RNA polymerase, DNA
polymerase and helicases. The RNA polymerase
transcribes RNA from the DNA template, DNA
polymerase turns single-stranded DNA into double-
stranded DNA and helicases separates double
strands of nucleic acids before the transcription or
replication.

Apoptosis

It is a programmed cell death. The apoptosis is
genetically influence and dead cells are removed by
phagocytosis. The resorption of the tail of tadpole
during metamorphosis into a frog occurs by apoptosis.

Few examples of apoptosis in human are

¢ Theremoval of tissue web formation between fingers
and toes of the foetus.

* Degeneration of neurons.

* The periodic sloughing off of endometrium at time
of menstruation.

* Removal of clones of immune cells which are not
appropriate.

* Regression of duct system during time of sex
differentiation in foetus.

Mechanisms of Apoptosis

Cell commits suicide by apoptosis due to signals arising
within the cell; or signal triggered by death activators
like tissue necrosis factor-o. and lymphotoxin or by
reactive oxygen species.
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Intrinsic Mechanism of Apoptosis (Flowchart 2.3)
Flowchart 2.3: Mechanism of apoptosis
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Apoptosis Triggered by External Signals

The Fas (First apoptosis signal) and TNF receptor are
integral membrane proteins. The FasL (Fas ligand) and
TNFrespectively are complementary death activatorand
they transmit a signal to the cytoplasm that leads to
activation of caspase 8. The caspase 8 initiates a cascade
of caspase activation leading to phagocytosis of the cell.

Applied Physiology

The genetic defects in apoptosis may be seen a mutation in
the gene for Fas. It produces autoimmune lymphoproliferative
syndrome (ALPS). The features of ALPS include; accumulation
of lymphocytes in the spleen and lymph nodes (due to which
they get enlarged), appearance of clones that are auto reactive
producing autoimmune disorders as haemolytic anaemia and
thrombocytopenia.

EXAM-ORIENTED QUESTIONS
Essay

1. Describe the structure and functions of cell membrane.

2. Enlist the organelles in cell. Describe the structure and
functions of any two organelles.

3. Describe the structure and functions of mitochondria,
endoplasmic reticulum and Golgi apparatus.

Short Notes

1. Fluid mosaic model
Structure of nucleus
Functions of nucleus
Functions of mitochondria

N

Functions of lysosomes
Lysosomal storage disease
Cell division

Mitosis and meiosis

9. Cell adhesion molecules
10. Molecular motor

11. Intercellular cell junction
12. Apoptosis
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RECENT ADVANCES: STEM CELL RESEARCH

Shinya Yamanaka, Japanese physician and researcher
shared the 2012 Nobel Prize for Physiology or
Medicine with British developmental biologist John
B. Gurdon for the discovery on how the mature cells
could be reprogrammed. They inserted specific genes
into the nuclei of adult cells (e.g. connective tissue
cells), and this process resulted in the reversion of cells
from an adult state to a pluripotent state. As
pluripotent cells, these cells regain the capacity to
differentiate into any cell type of the body. The
reverted cells became known as induced pluripotent
stem (iPS) cells.

Sir John Bertrand Gurdon
1933

Shinya Yamanaka
1962

Sir John Bertrand Gurdon is best known for his
pioneering research in nuclear transplantation and
cloning. Gurdon’s recent research is centered towards
analyzing intercellular signaling factors involved in cell
differentiation, and explores and investigates the
mechanisms involved in reprogramming the nucleus
in various transplantation experiments. Gurdon has
been verifying the role of histone variants, and
demethylation of the transplanted DNA in cell
reprogramming.
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RECENT ADVANCES: CHROMOSOME The DNA molecules carrying

PROTECTION BY TELOMERES genes are packed into chromo-
somes, and they are capped by

The 2009 Nobel Prize in Physiology or Medicine was  the telomeres on their ends. The
awarded jointly to Elizabeth H. Blackburn, Carol W.  unique DNA sequence in the
Greider and Jack W. Szostak “for the discovery of how  telomeres protects the chromo-
are the chromosomes being protected by telomeresand  somes from degradation. Shor-
the enzyme telomerase”. tening of telomeres leads to
ageing of cell. The high level of
telomerase activities leads to
maintenance of telomerase
length and delays cell ageing. Jack W. Szostak
This discovery helped us to 1952
understand cell better, and stimulated the development
of potential new therapies.
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Transport Across Cell Membrane

INTRODUCTION

The membrane transport mechanisms regulate the
passage of solutes such as small molecules and ions
through cell membrane. The unique property of a cell
membrane is that it is selectively permeable and this
helps in transport of nutrients across the membrane and
removal of the intracellular waste product aiding in cell
growth, development and survival. The selective
permeability helps in drug absorption and excretion and
thus helps to combat infections. The selective membrane
permeability characteristic of cell membrane also allows
them to separate substances of distinct chemical nature.

Lipid bilayer helps in transport of lipid soluble
substances but it is a formidable barrier to larger and
more hydrophilic molecules. These are transported by
aid of transport proteins. The lipid layer is permeable
to fat soluble substances such as oxygen, carbon dioxide
and alcohol while it is impermeable to water-soluble
substance such as urea, glucose and ions. The
substances move across the cell membrane by passive
and active processes. The molecules in general by process
of diffusion are carried across the membrane down a
concentration gradient without utilisation of any source
of energy or aid of a protein. The active and passive
transport process require proteins transporters. The
active transport is via transport protein while passive
transport is carried out via channel protein. Active
transport is a transport mechanism against a
concentration gradient with ATP as a source of energy.

In order to understand the mechanism of transport

it is necessary to be acquainted with common terms
involved in transport mechanism.

Introducing to Key Terms and Concepts

Terminology

Solutions: The molecules (solutes) dissolved in a liquid
(solvent) are known as solutions. All molecules in a
solution are constantly in random motion, which causes
mixing.
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Brownian motion: Allmoleculeshave random tendency
to move due to their inherent kinetic energy that is the
energy of motion which is termed as Brownian motion.

Concentration: The amount of solute in a solvent.

Concentrations gradient: It is the difference between
the concentration of substances between intracellular
and extracellular environment. For example, concen-
tration of sodium and chloride are low and potassium
high in intracellular environment but vice versa in extra-
cellular environment (high sodium and chloride and
low potassium). This ionic difference creates the
concentration gradient.

IMPORTANT CONCEPTS IN
TRANSPORT MECHANISM

1.

Energy expenditure in transport mechanism: The
ATP pumps use energy from the hydrolysis of ATP
to transport molecules against their concentration
gradient.

. Channels: They allow the movement of ions or small
molecules down their concentration or electric
potential gradients. The water channels are
constitutively open (some potassium channel may
be constitutively open) while other channels are
either voltage-gated or ligand-gated.

. Transporter molecule: A transporter moves

molecules either down their concentration gradient

or against their concentration gradient, depending

on the type of transporter (Fig. 3.1).

lon Channels

The ions pass through ionic channel. Many of these
channels are open or voltage-gated. The rate of ion
transport through the open channel is very high (often
10° ions per second or greater) and ions pass through
channels down their electrochemical gradient. Ion
channels allow only ions of a certain size and or charge
to pass through them. Sodium channels are 0.5 nm in
diameter and their inner surface is negatively charge
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Fig. 3.1: ATP pump, ion channel and transporters

while potassium channel is 0.3 nm in diameter. The
ionic channels are open and gated type. Cells tend to
have some ungated K* and ungated CI~ ion channel
while Na* and Ca** move through gated ion channels.

Voltage-gated: Voltage-gated ion channels that open
or close in response to changes in the membrane
potential. The voltage-gated Na*, Ca**, K*, and Cl~ ion
channels play an important role in functioning of
nervous system and muscles.

In resting state there is negative charge on inside of
the cell membrane and due to which likely the sodium
gates are in closed state. The depolarization leads to
decreased negativity inside of the cell membrane, which
triggers the sudden opening of the sodium gate and
sodium moves inward. Similarly, the potassium gates
which are located inward intracellular side open when
inside of the membrane gains positivity.

Ligand-gated: The ion channels which are ligand-gated;
open in response to the binding of an extracellular or
intracellular regulatory molecule. An important
example is the acetylcholine receptor in the membrane
of skeletal muscle cells. As acetylcholine binds to the
receptor it causes opening of sodium channel which
produces depolarization and muscular contraction.

Temperature-gated: The temperature-gated ion
channels are found in sensory neurons in the skin and
mucous membranes and open with increase or decrease

in temperature. This leads to the sensations of warm
and cold.

Mechanical-gated: Mechanical-gated channels respond
to stretch. Example: Stretch sensitive channels are present
on ventricular musculature and ion channel in hair cells
of cochlea.

Types of Transport Mechanism

a. Passive transport
1. Diffusion: Simple and facilitated diffusion
2. Osmosis.

b. Active transport
1. Primary active transport

2. Secondary active transport: Sodium co-transport
and counter-transport.

c. Transport of macromolecules
1. Pinocytosis
2. Phagocytosis

Passive Transport Mechanism

The passive transport mechanisms are diffusion and
0smosis.

Diffusion: It is a passive process by which molecules
moves from area of higher concentration gradient to
that of lower concentration gradient and does not
require energy for the process.

The diffusion is of two types: Simple diffusion and
facilitated diffusion.

Simple diffusion (Figs 3.2 and 3.3): The movements of
molecules from area of higher concentration to that of
lower concentration due to kinetic motion of the ions
or molecules through the intermolecular spaces or
membrane openings without the aid of any carrier
protein is known as simple diffusion. It does not require
any energy (ATP) for transport. Examples: The lipid-
soluble compounds (alcohol, oxygen, nitrogen) diffuse
through the lipid bilayer; while water-soluble
substances pass through the aqueous channel (urea,
glucose and ions). Diffusion also occurs through leak
channel and gated channels. The leak channels are open
always, e.g. K* channels. Gated channels are voltage-
gated, ligand-gated, mechanical-gated and temperature-
gated as explained earlier.

Non-polar molecules

Plasmna membrane

Fig. 3.2: Simple diffusion
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The main factors affecting diffusion are the
concentration gradients of the substances, number of
channels and opening in the membrane and kinetic
motion of the molecule.

The factors that affect the diffusion rate across the
cell membrane are enlisted below:

1. Thickness: Greater the thickness of cell membrane

slower will be the diffusion.

2. Temperature: The higher the body temperature
faster is the diffusion.

3. Size of the molecule: Smaller the molecular size
of substance rapid is the diffusion.

4. Concentration gradient difference: Larger the
concentration gradient faster is the diffusion.

5. Cross-sectional area of membrane: Diffusion is
directly proportional to the available cross-
sectional area.

6. Diffusion coefficient (D) of the substance: D:
Permeability X area of cross section available for
transport.

Facilitated diffusion (Figs 3.3 and 3.4): Carrier protein-
mediated transport of substance across cell membrane
is known as facilitated diffusion.

Characteristic Features

1. The substance to be transported binds to the carrier
protein. The binding causes conformational change
in carrier protein molecule and this aid in the
transport and release of the substance to the other
side of the membrane (Fig. 3.1).

' 2. The energy for transport is provided by the

concentration gradient of the substance transported.
No energy source (ATP) is required. This carrier-
mediated transport of ions and organic substrates
into or out of the cell down their concentration
gradient passively is also called passive carrier-
mediated transport.

3. The facilitated diffusion occurs faster than simple
diffusion.

Active fronsport

Channel and carier-mediated
facilitated diffusion

Human Physiology

Simple diffusion

Faciitated
diffusion

Rate of diffusion

Fig. 3.3: Simple and facilitated diffusion and saturation

4. When concentration of the transported substance
becomes high enough the facilitated transporter gets
saturated and this limits the rate of transport.

5. If more than one substance competes to bind with
common transporter, it leads to competitive inhibition.

Examples of Facilitated Diffusion

1. Insulin-mediated transport of glucose in muscle cells.
When more insulin is present, more of these glucose
transporters (GLUT) are added to the membrane of
cells of such muscle and glucose moves into the
muscle cells.

2. Transport of glucose along intestinal epithelium by
glucose transporter.

Difference between passive transport and active

transport is given in Table 3.1, Figs 3.1 and 34.

Osmosis

It is the process of movement of solvent from the solution
with lower concentration of solute to high concentration
of solute (Fig. 3.5). Glucose which does not freely diffuse
through cell membrane is known to be osmotically

Simple diffusion

Fig. 3.4: Transport mechanisms: Active transport, channel and carrier-mediated facilitated diffusion and simple diffusion
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Table 3.1: Difference between passive transport and active transport

Passive transport Active transport

Simple diffusion does not require carrier protein for transport It requires carrier protein for transport of substances

Facilitated diffusion which is a type of passive transport
requires a membrane proteins called carrier protein for

transport
It does not require energy for transport It requires ATP as source of energy for transport

In simple diffusion substances move in the direction of
concentration gradient

Substances can move against concentration gradient from lower to
higher concentration

Osmosis
O — Water

QO — sugar

Selectively
permeable membrane

v
i
o oooio © o
o) i
o o) IOOO O
O_’I o (0)
© © o ! o
OO OO i ® OO
® o Ooiooo ®

[Low sugar concentration] [High sugar concentration|
[High water concentration] [Low water concentration]

Fig. 3.5: Process of osmosis

active. The other osmotically active substances are
dextran, plasma protein, NaCl. The examples of
osmosis in human body
are: Re-absorption of water
by the distal and proximal
convoluted tubules of the
nephron, re-absorption of
tissue fluid from venous
end of the blood capillaries
and absorption of water
through the gastrointes-
tinal tract (stomach, small
intestine and the colon), etc.

Jean-Antoine Nollet first
documented observation of
osmosis in 1748.

Jean-Antoine Nollet
(19th November 1700-25th
April 1770)

Osmotic pressure: It is the minimum hydrostatic pressure
required to stop osmosis. Osmotic pressure is the colligative
property which means that the osmotic pressure depends
mainly on the molar concentration of the solute. The
concentration of osmotically active substance is
expressed as osmoles. Osmolarity refers to number of
osmotically active substance in one litre of solution.
Osmolality refers to number of osmotically active
substance dissolved in one kg of water. The plasma
osmolality is 290 mOsm per kg and is mainly due to
sodium chloride.

Other process favouring transport mechanisms are
filtration along capillary membrane which occurs due
to difference in hydrostatic and oncotic pressure and
solvent drag. During bulk flow of water it carries solutes
along with it by solvent drag mechanism.

The co-transport mechanism is classified as uniport,

antiport and symport.

1. Antiport: Carrier transporter transporting one
substance for another. Examples: Sodium-hydrogen
transport in renal tubules. Another example is the
Na*/Ca®* exchanger is found in many cells and tissue
inhumanbody and helps in maintaining homeostasis.
It helps in influx of Na* down its gradient into the
cell and Ca* efflux from the cell against its gradient.
Three Na* molecules enter the cell for every Ca** that
moves out of the cell.

2. Uniport: Transport of a single substance by the
carrier protein. Example: Transport of sodium or
potassium ions through their respective channels.

3. Symport: Unidirectional co-transport of two or more
substance from one side of cell membrane to another.

MEMBRANE TRANSPORT: ACTIVE TRANSPORT

A. Active Transport (or Primary Active Transport)

Active transport is a process in which a solute is moved
against a concentration or electrochemical gradient
using ATP as source of energy (Table 3.2) (Figs 3.4 and 3.6).
Thus, the key features of primary active transport
are:
1. Move substrates against concentration gradient
2. Uses carrier proteins (just like carrier-mediated
facilitated diffusion)
3. Requires energy, such as ATP

Table 3.2: ATP-powered primary active transporters

ATP-powered primary active transporters are of four types:

1. P-type ATPase (P-class pumps are composed of two
polypeptides, o and B, and they get phosphorylated as part
of the transport cycle: Sodium potassium pump, calcium
pump, proton pump

2. V-ATPase: Vacuolar ATPase

. F-ATPase: Mitochondrial ATP synthase, chloroplast ATP synthase

4. ABC (ATP binding cassette) transporter: MDR, CFTR, etc.

w

3
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Examples 5. Another ATP binds to its site and the channel
I. 3Na-2 K active transport pump: The three-sodium resumes its original configuration permitting the
moves out of the cell against two-potassium which moves 2K* ions to diffuse into the intracellular fluid.
to the. interior using ‘AiTP a+s th‘? source of energy. The The net effect is to transfer 3Na* out of the cell and
steps involved in 3 Na*-2K* active transport pump are: 2K+ into the cell. As long as ATP remains available, the
1. Three intracellular Na* ions bind to the receptor site cycle can repeat.
within the pump channel.
2. ATP dissociates to ADP and Pi providing energy to Sodium potassium ATPase pump is an electrogenic pump
the channel. which creates electrical potential across the membrane and is
3. Using the energy transferred from the ATP, the necessary for transmitting electrical signals across the nerve
channel reconfigures by the conformational change and muscle. It also maintains the intracellular volume by
in protein molecule permitting the 3Na* ions to regylating water movement across the membrane and also
diffuse into extracellular fluid maintains the resting membrane potential across the cell
4. The exposed K* binding sites permit two K* ions to emorne
enter the channel and release the Pi. II. The H*/K*-ATPase is present in the luminal

membrane of parietal cells.

a. The H*/K*-ATPase pump drives H* ions in exchange
for K* by primary active transport into the glandular
lumen.

b. The K* from the parietal cell circulates back to the

Extracellular
fluid

/
/

/
/
I_\

i lumen via luminal K* channels. One HCO,™ enters
& "ol . . . . .
- \’Q&{\\Q\}\ into circulation for every H* ion secreted by parietal
Plosmo[%{:\\\\ \‘L‘\ cells into lumen and is exchanged for a CI~ ion via
membrane| S \ an anion antiporter.
oK c. The CI- ions diffuse out of the cell to the lumen via
CI- channels. Thus, one CI- ion reaches the lumen
for each H* ion secreted.
CleResy 3. Ca?* ATPase (Fig. 3.8) pump present in membrane
of endoplasmic reticulum, sarcoplasmic reticulum and
Fig. 3.6: 3 Na-2 K active transport pump all other cell membranes with aid of calcium ATPase

Anion exchanger
MR

CI channel

co,

Lumen of gland Blood side

No /H" exchanger

Nc: [H" exchanger

Na'/K® ATPase

Fig. 3.7: H*/K* ATPase pump secreting H*/into glandular lumen from parietal cell
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Fig. 3.8: Ca? ATPase pump in cardiac muscle

maintains concentration in the cytoplasm. An action
potential in cardiacmuscle stimulates the release of Ca?*
from the sarcoplasmic reticulum through a voltage-
gated channel. The action potential induces
depolarization of the cell surface and influx of Ca?
result is actin-myosin activation and contraction of
cardiac muscle. The cardiac muscle cells have a Na*/
Ca?* antiporter and Ca*" ATPase that maintain a low
cytoplasmic Ca?* concentration normally. During
cardiac relaxation Ca?* is removed from the cytoplasm
by the SR calcium pump and the sarcolemmal Na*/
Ca?* exchange. The sarcolemmal Na/Ca?* exchange is
involved in the regulation of cardiac cellular Ca%
content (Fig. 3.8).

B. Secondary Active Transport

It is also known as co-transport or coupled transport

mechanism. The secondary active transport use stored

energy in ion gradients to actively transport molecules

across membranes. The co-transport mechanism is

classified as uniport, antiport and symport (Fig. 3.9).

1. Antiport: Carrier transporter transporting one
substance for another. Examples: Sodium-hydrogen
transport in renal tubules. Another example is the
Na*/Ca? exchanger is found in many cells and tissue
inhumanbody and helps in maintaining homeostasis.
It helps in influx of Na* down its gradient into the
cell and Ca* is efflux from the cell against its
gradient. Three Na* molecules enter the cell for every
Ca* that moves out of the cell.

) AA] WY (L

Fig. 3.9: Transport mechanisms; uniport, symport, antiport

2. Uniport: Transport of a single substance by the
carrier protein.
Example: Transport of sodium or potassium ions
through their respective channels.

3. Symport: Unidirectional co-transport of two or more
substance from one side of cell membrane to another.

Examples

a. Sodium glucose or sodiumaminoacid co-transport
(Fig. 3.10). The Na*/glucose co-transporter
(SGLT1) is an electrogenic transporter favouring
glucose, and galactose absorption in the small
intestine and reabsorption of filtered glucose and
galactose (SGLT2) in the proximal tubule of
kidney nephrons.

b. Na*/I" symporter (NIS): It is localised at the
basolateral membrane of thyroid follicular cells
and co-transports 2Na* ions and 1 I" ion per
transport cycle. It is also found in mammary
glands, where it functions to transportiodide into
the lactating mother’s breast milk.

c. Na*/phosphate co-transport (NaPi) in the apical
membrane of epithelial cells of the small intestine
and renal proximal tubules.
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Robert K. Crane: Robert K.
Crane was the first to discover
flux coupling in biology by
citing the sodium-glucose co-
transport as the mechanism for
intestinal glucose absorption.

|

Example: Intestinal absorption of

glucose and sodium (and water)

1. The Na-K-ATPase pump
located in the basolateral
membrane is responsible for
maintaining a low intracellu-
lar concentration of Na*. The
sodium potassium pump creates an ionic gradient
as a result of primary active transport.

2. This results in concentration difference between
luminal and intracellular Na*; which provide energy
for absorption of Na* and glucose into the cell with
aid of the SGLUT transporter protein. This mechanism
of transport is known as secondary active transport.

3. Glucose diffuses from the cell into the interstitial
space through the basolateral membrane by
facilitated diffusion and the sodium is removed from
the cell by the Na-K-ATPase pump.

4. The osmotic absorption of water (osmosis) in
interstitial fluid is due to accumulation of glucose
and Na* in the interstitial fluid.

5. The Na*, glucose, and H,O which is accumulated in
the interstitial space is removed by diffusion into the

Robert K. Crane
1919-2010

Extracellular Glucose

fluid

Release of
glucose into
cytoplasm

(1) lon gradient@ (2) Loading of glucose

Fig. 3.10: Secondary active Glucose; sodium and glucose
co-fransport

The secondary active transporters apart from plasma membrane
are found in the membrane of synaptic vesicles in axon
terminals. For example, H*/neurotransmitter exchangers utilize
proton electrochemical gradient across the vesicle membrane
to drive the uphill transport of neurotransmitter into the vesicle.
In all secondary active transport mechanism the
electrochemical gradient of the driving force of ion is
maintained by primary active transporters.

intestinal capillaries (simple diffusion) which then via
circulatory system is carried in systemic circulation.

Sodium glucose and sodium amino acids are
example of co-transport while sodium for hydrogen
and bicarbonate for chloride in renal tubules are
example of secondary active counter transport.

ABC TRANSPORTERS

These ATP-binding cassette transporters are the
transmembrane proteins which exhibit ATP-binding
domain on one side and ligand-binding domain on the
other surface. The ATP on binding with its domain;
provides the energy to pump the ligand across the
membrane. Human genoneme contains around 48 genes
for ABC transporters. Many of these have been causally
related to diseases such as cystic fibrosis, Stargadt’s
disease, drug-resistant tumors, Dubin-Johnson
syndrome, ataxia, progressive familiar intrahepatic
cholestasis, etc. Multi-drug resistance is frequently
associated with over-expression of ABC transporters
especially in tumour cells. They are also expressed in
the membranes of normal cells, by which they facilitate
the transport of various endogenous substances.

The examples of ABC transporters are:

1. CFTR—the cysticfibrosis transmembrane conduc-
tance regulator: It is a membrane protein and
chloride channels. The gene that encodes the
human CFTR protein is located on chromosome 7.
The mutations of the CFIR gene affects chloride
ion channel functions and produces dysregulation
of epithelial fluid transport in the pancreas, lung
and other organs, resulting in cystic fibrosis.

2. TAP, the transporter associated with antigen
processing.

3. Transporter used by liver cells; to pump the salts
of bile acids out into the bile.

VESICULAR TRANSPORT MECHANISMS

Vesicular transport: The materials move into or out of
the cell by means of vesicles, also called bulk transport.
The various mechanisms involved are:
I. Endocytosis (clathrin-mediated)
1. Receptor-mediated endocytosis (Fig. 3.11)
2. Pinocytosis (Fig. 3.12)
3. Phagocytosis (Fig. 3.12)

II. Exocytosis
All are active processes (requiring ATP) though they
are not usually referred to as “active transport”.
1. Receptor-mediated endocytosis: The processes
involved in endocytosis are:
e The target molecules bind to receptor in cell
membrane.
e The area coated with ligands form pockets on
membrane surface.
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Fig. 3.11: Receptor-mediated endocytosis and exocytosis. 1. Ligand binding to receptors, 2. Area coated with ligands
from pockets on membrane surface, 3. Pocket pinch to from endosomes, 4. Fusion of coated vesicles with lysosomes, 5.
Removal of ligands, 6. Separation of lysosomal and endosomal membranes, 7. Fusing of endosome with cell membrane

e The pockets pinch to form endosomes which are Endocytosis

the coated vesicle. Phagocytosis Pinocytosis
 Coated vesicle fuses with lysosomes. * ‘ Extracellular fluid
* Molecules areremoved and absorbed in cytoplasm. o o Solid particle | = * & K
* Lysosomal and endosomal membrane separates. . = ¢ oo .
* The endosomes fuses with cell membrane and / "

receptors are again available for ligand binding. Plasma ===

membrane

2. Phagocytosis (cell eating): It is the intake of particles
more than about 0.5 pm in diameter by process of Pseudopodium
endocytosis. The plasma membrane fuses forward
and encircles the particles near the cell surface; to N\
form phagocytic vesicles called phagosomes. The phggo"some R
lysosome draws near and fuses with these (food vacuole) Cytoplasm
phagosomes and releases their digestive enzymes to
digest the content in phagosomes. Phagocytosis is
used for defensive purposes. The neutrophils and
macrophages defend against foreign bodies such as

bacteria, virus, dead cell, cellular parts and other
waste matter by phagocytosis. Exocytosis: It is process by which the intracellular subs-

3. Pinocytosis: It is the active intake of droplets of ~ tancesare released into the surrounding tissue. The neuro-
extracellular fluid along with small particles into the ~ transmitters at nerve ending are released by exocytosis.

/ Vesicle

Fig. 3.12: Phagocytosis and pinocytosis

amino acids and also solutes such as insulin and
lipoproteins in concentrated form into the cells.

cell. Pinocytosis helps in intake of important The process involved in exocytosis is (Fig. 3.13):

materials into cells. The macromolecule binds at the 1. Vesicle trafficking: It is required for the transpor-
receptor site of cell membrane. The membrane tation of a vesicle over a moderately small distance.
invaginates and covers the macromolecule 2. Vesicle tethering: Tethering involves transport over
completely. The macromolecules enclose by part of distances of more than about half the diameter of
the membrane forms a bubble and this pinocytic avesicle from a given membranesurface (>25nm).
vesicle separates out from cell membrane, moves into They occur during concentrating synaptic vesicles

cytoplasm. It helps to intake of ions, sugars and at the synapse.
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Fig. 3.13: Exocytosis

3. Vesicle docking: The secretory vesicles transiently
dock at the cell plasma membrane, forming t-/v-
SNARE complex, producing continuity between
the opposing bilayer.

4. Vesicle priming: In neuronal exocytosis, the term
priming has been used to include all of the molecular
rearrangements and ATP-dependent protein and
lipid modifications that take place before exocytosis.

5. Vesicle fusion: Transient vesicle fusion is driven
by SNARE proteins, releasing vesicle contents
into the extracellular space.

Transport through Cellular Sheets

In certain places in body such as intestinal epithelium,
epithelium of renal tubules, epithelium of exocrine
glands, the transports occur through trans-cellular
sheath rather than cell membrane. The sodium and
water are transported along luminal membrane by
diffusion while they are actively transported via
basolateral membrane into the extracellular fluid of the
surrounding connective tissue and blood vessels. It is
by this same mechanism substances are absorbed from
glomerular filtrate into renal tubules and so also ions
and nutrients into blood from intestine.

Inherited lon-channel Diseases

1. Chloride-channel diseases: Cystic fibrosis and Inherited
tendency to kidney stones.

2. Potassium-channel diseases: Long QT syndrome; a rare,
inherited tendency to epileptic seizures in the newborn;
and several types of inherited deafness.

3. Sodium-channel diseases: Inherited tendency to certain
types of muscle spasms; and Liddle’s syndrome (inadequate
sodium transport out of the kidneys, because of a mutant
sodium channel, leads to elevated osmotic pressure of the
blood and hypertension).

EXAM-ORIENTED QUESTIONS

Essay
1. Describe the various transport mechanisms across cell
membrane.
Short Notes
1. Active transport: Primary and secondary
2. Diffusion
3. Differentiate between simple and facilitated diffusion
4. Vesicular transport mechanisms
5. Transport through cellular sheets

RECENT ADVANCES: VESICULAR TRANSPORT
MECHANISM

James Rothman, Randy Schekman, and Thomas
Stidhof were awarded the 2013 Nobel Prize in
Physiology or Medicine “for their discoveries of
machinery regulating vesicle traffic, a major transport
system in our cells’. The four decade long research

N /
Randy Wayne Schekman
1948

James Edward Rothman
1950
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work by these scientists got
the final recognition as they
successfully explained the
fundamental mechanisms
involved with cargo macro-
molecules transport between
the membrane-enclosed com-
partments which constitute
the secretory system of
eukaryotic cells.

The discoveries by Rothman,
Schekman, and Stidhof estab-
lished a general paradigm for
the mechanisms of vesicular transport that applies to
the secretory pathway and also to other important
intracellular trafficking processes such as endocytosis,
retrograde transport from endosomes to the Golgi
complex and from the Golgi complex to the ER, and
transport to lysosomes.

The steps involved in these vesicular transports
are:

1. The transport vesicle is sculpted from the donor
membrane. This is achieved by the assembly of a
protein coat.

2. The assembled protein coat promotes vesicle
budding as it selects specific cargos for incorpora-
tion into the vesicle.

3. As vesicle scission from the donor membrane
occurs it loses its protein coat and translocates
along the cytoplasm.

4. Tethering factors associated with the acceptor
membrane then capture the vesicle.

5. This then promote formation of complexes
between vesicle SNAREs (v-SNAREs) and target
SNAREs (t-SNAREs).

6. This results in e ‘Zippering’ of the SNAREs.

Thomas Christian Siidhof
1955

7. Finally this triggers membrane fusion, resulting in
the delivery of cargo into the acceptor compartment.
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NOBEL PRIZE 2016: AUTOPHAGY

Yoshinori Ohsumi, the Japanese
Cell Biologist received the 2016
Nobel Prize for Physiology and
Medicine for discovering of
mechanisms for autophagy.
Autophagy is a fundamental
process by which the cellular
components get degraded and
recycled. Autophagy provides
fuel for energy for renewal of
cellular components, and plays
a vital role in cellular response
to varied types of stressful
conditions. It also helps in elimination of intracellular
bacteria and viruses. Cells also use autophagy to
eliminate the damaged proteins and organelles are
eliminated by cell by the process of autophagy thus
overriding the negative consequences of ageing.

Yoshinori Ohsumi
1945
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Membrane Potential

INTRODUCTION

The difference between the electric potential across the
cell membrane is due to ionic gradient created due to
variation in ionic concentration of substances between
intracellular and extracellular environment. The
relatively static membrane potential of a resting
quiescent cell is called the resting membrane potential
(RMP). While the specific dynamic electrochemical
phenomena leads to generation of graded membrane
potential and action potential.

ROLE OF ION IN GENERATING MEMBRANE
POTENTIAL

1.

These potentials result from movements of ions
across the membranes.

There is unequal distribution of ions on the both sides

of the cell membrane. The ions move from high to

low concentration by diffusion and as a result of

electrical gradient which favors movement of ions

away from like charge toward opposite charge.

. Each ion which flow through channels reaches
equilibrium between two forces.

. The equilibrium potential for each ion is determined
by Nernst equation.

. Membrane potential is much depended on intracellular

potassium level; as the membrane permeability to

potassium is about hundred times higher than that

to sodium.

2.

lonic Mechanisms of
Resting Potentials

Julius Bernstein in early 1900
suggested that the resting poten-
tial (V) is equal to the potassium
equilibrium potential (EK). The
selectively permeability of cell
membrane to different ions and
ionic concentration differences

Julius Bernstein
1839-1917
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(the unequal distribution of ions in the inside and
outside of cells) are the key factors responsible for
generation of resting potential.

PHYSICO-CHEMICAL PRINCIPLES INVOLVED IN
GENERATING RMP

Nernst Potential

The Nernst potential for any ion is the membrane
potential at which the ion is in equilibrium, i.e. there is
no net movement of the ion across the membrane. At
the equilibrium potential, the chemical and electrical
gradients are equal and opposite in direction.

Nernst equation

The mathematical equation to calculate equilibrium potentials
for certain ions is:

Ei=H—RT | X1
Fz

" X2
R = Gas constant
T = Absolute temperature (K)
E = The potential difference across the membrane
F = Faraday’s constant (96,500 coulombs/mole)
z = Valence of ion

As K* is major cation present intracellularly, its
diffusion creates negativity inside the cell. Thus, it is
the main contributing factor towards generation of
RMP.

Goldman-Hodgkin and Katz (GHK) Equation

Nernst equation cannot be used if a membrane is
permeable to two different ions. It is possible,
however, to apply the Goldman-Hodgkin and Katz
(GHK) Equation. The trans-membrane movements of
three ions Na*, K¥, and Cl- contribute to the
membrane potential. This equation describes the
potential across a membrane thatis permeable to Na*,
K*and CI".
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Goldman-Hodgkin and Katz equation

(pc[K" ], +pu[Na'], +paCr ]

LPK K :|+pNa|:Na :|+pcl|:CI :| J

e V_is the membrane potential. This equation is used to
determine the resting membrane potential in real cells, in
which K*, Na*, and CI- are the major contributors to the
membrane potential.

* R is the universal gas constant (8.314 J.K.mol™").

e T is the temperature in Kelvin (K = °C + 273.15).

e Fis the Faraday’s constant (96,485 C.mol™").

* p, is the membrane permeability for K*.

* py, is the relative membrane permeability for Na*.

* p is the relative membrane permeability for CI-.

Vm——l

Gibbs-Donnan Membrane Equilibrium

The development of RMP is based on principles of
Gibbs-Donnan membrane equilibrium. The two
solutions containing ions are separated by a semi-
permeable membrane; at equilibrium each of the
solution will be electrically neutral. There is equal and
balance distribution of ions in each solution and they
become electrically neutral (total quantity of cations will
be equal to total quantity of anions). The large
impermeable negatively charged intracellular
molecules attract positively charged ions (e.g. Na* and
K*) and repelling negative ones (e.g. CI) in process of
genesis of RMP.

The resting membrane potential is produced and
maintained by

1. Membrane selectivity: It is the difference of
permeabilities between different ions.

2. Na*/K* ATPase pump: This is the active transport
mechanism involved for moving particles across a
biological membrane, against the concentration
gradient. The Na*/K* ATPase pump creates a
concentration gradient by moving 3 Na* out of the
cell and 2 K* into the cell.

3. Permeability of membrane to potassium: RMP is
created by the distribution of ions and its diffusion
across the membrane. Potassium ions are important
for RMP

a. As the membrane is highly permeable to K*, it
plays an important role in generating resting
potential. The outside of the cell has a low
concentration of K* ([K*] ) than the inside of the
cell which has a high concentration of K* ([K*]).

b. Positively charged K* thus moves by diffusion
from its area of high concentration to its area of
low concentration. Thus, inner surface of
membrane becomes more negative. The negative
charge at the inner surface of membrane attracts
the positive charge K* ion that is moving out and
tends to retain it back.

c. Thus, the electrical force which is directed
inward counterbalance the diffusion force which
is directed outward.

d. As a result equilibrium is established; and the
concentration force moving K* outward balances
the electrical force holding in it. The potential at
which the equilibrium is achieved is called the
Nernst equilibrium potential.

4. Permeability of membrane to sodium ions: At rest
the membrane remains less permeable to sodium
then potassium. The exit of K* is notbalanced by entry
of Na*; therefore the interior of cell remains negative.

5. Role of ion channels in resting membrane potential:
The protein channels are present on the cell
membrane. This allows ions to diffuse passively
without direct expenditure of metabolic energy
especially through the open channel. These channels
have selectivity for certain ions, for example sodium
or potassium specific selective ion channels. All cell
membranes have more permeability to K* than to
Na* because they have more K* channels than Na*.

RECORDING OF MEMBRANE POTENTIAL

The membrane potential can be recorded using cathode
ray oscilloscope. The two of the microelectrodes are
placed on surface of the nerve fibre. The electrodes are
connected to the cathode ray oscilloscope. As the
voltage changes a potential difference ranging between
-80 mV and —40 mV (average of -60 mV of negativity
inside the cell) is noted in the cathode ray oscilloscope.
In the absence of any stimuli sensitization the resting
potential is generally constant (Fig. 4.1).

The recording can be also carried as follows:

The tip of the recording microelectrode can be
inserted inside the neuron, and the reference electrode
is placed in the extracellular fluid. The electrodes when
connected to a voltmeter measures the difference in
charge across the membrane (in this case <70 mV inside
negative). The resting membrane potential is an

_ h\ Oscilloscope

\

Na* Electrode |

Neuron c
———————————— ?— f-+++++++++++$——-——————
PP A ++++++++++

Na*

Fig. 4.1: Recording of membrane potential
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electrical potential difference (voltage) that exists across
the plasma membrane of an excitable cell under resting
conditions.

GRADED POTENTIAL AND ACTION POTENTIAL

Introduction

The changes in the membrane potential produce electric
signals in nerve cells. The ion concentration difference
between intracellular and extracellular fluid gives rise
to the resting membrane potential (RMP). Membrane
permeability to these ions also influences the RMP. The
transient changes from the RMP produce electrical
signals which transmit information in nerve cells in
form of action potential.

The different channel types are responsible for
transmitting electrical signals over long and short
distances in the nervous system:

1. Graded potentials are activated by the opening
of mechanically or chemically gated channels
and they travel over short distances.

2. Action potentials are generated by the opening
of voltage-gated channels and travel over long
distances.

Terms Associated with Membrane Potential

1. Depolarization—a decrease in the potential difference
between the inside and outside of the cell.

2. Hyperpolarization—an increase in the potential
difference between the inside and outside of the cell.

3. Repolarization—returning to the RMP from either
direction.

4. Overshoot—when the inside of the cell becomes +ve
due to the reversal of the membrane potential polarity.

GRADED POTENTIAL

The local, graded, non-propagated potentials are called
receptor or generator potentials. A sub-threshold
electrical stimulus does not produce a true action
potential but generates electrical signals. The stimuli
may be electrical, chemical, or mechanical. These
stimuli produce either graded potential or action
potential. The observed response is a sub-threshold
response (Fig. 4.2).
The characteristics of graded potentials are:

1. It is a local effect and changes in membrane
potential are confined to relatively small regions
of the plasma membrane.

2. Itis graded response and refers to the magnitude
of the potential change. Magnitude is graded
with the magnitude of the stimulus. The graded
events can be depolarizing or hyperpolarizing.

3. The graded potentials are conducted with
decrement and the conduction magnitude falls
off further you move from the point of origin.

Graded potential

Em Threshold

A/\/\/_

Time

Fig. 4.2: Graded potential (below threshold)

Local Response of Graded Potential

1. Graded potentials and the local current they generate
functions as signals over very short distances.

2. Graded potentials die out in 1-2 mm of the origin.

3. The charge is lost across the membrane because of
leaky channels and the magnitude of the potential
decreases with distance from the site of origin (charge
density falls).

Types of Graded Potential

1. Receptor (generator) potentials: The sensory receptors
respond to stimuli from thermoreceptors, mechano-
receptors, chemoreceptors, nociceptors and electro-
magnetic receptors. The graded potential from
stimuli is called receptor potential. When graded
potential reaches the threshold an action potential is
generated and sensory information is sent to the
spinal cord and brain.

2. Pacemaker potential: The specialized coronary muscle
cells in the cardiac pacemaker region (SA node) have
leaky ion channels. The generated graded potentials
in pacemaker can potentially induce a true cardiac
action potential. The graded potential is responsible
for cardiac automaticity.

3. Postsynaptic membrane potentials: These are the graded
potentials that develop on the postsynaptic membrane
during synaptic transmission. When graded potentials
reach threshold the action potential develop.

4. End plate potentials (EPP): These are the postsynaptic
graded potential that develops at the neuromuscular
junction. The postsynaptic membrane potentials are
important in generation of action potential in nerve
to nerve and nerve to muscle communication.

5. Graded potentials in the neurons travel through the
neuron until they reach the trigger zone. If they
depolarize the membrane above threshold voltage
(about -55 mV) an action potential is triggered and
it travels down the axon.

Summation of Graded Potential (Fig. 4.3)

Summation of graded potentials demonstrates a key
property of neurons—postsynaptic integration. The
magnitude of graded potentials are added together to
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Fig. 4.3: Summation of graded potential

have a combined effect on the postsynaptic membrane
leading to summation. The summation of graded poten-
tials can be temporal summation and spatial summation.

Temporal summation occurs from the summation
of graded potentials overlapping in time which initiates
action potential.

Spatial summation occurs from the summation of
several graded potentials from several converging
neurons simultaneously.

ACTION POTENTIAL

It is the rapid and transient change in a membrane
potential which occurs when nerve cell membrane is
stimulated. The membrane potential changes from the
resting potential-70 millivolts (neurons) to about +30
mV in a brief short period of time (few milliseconds).
Action potentials are responsible for muscle contrac-
tion, hormone release, GI secretions, cardiac contrac-
tions, etc. The special senses like vision, hearing and
touch are all dependent on action potentials for
transmission of information to the brain. The cardiac
potentials are recorded as electrocardiograph (ECG)
while neuronal transmissions are recorded as electro-
encephalograph (EEG). The concepts of action potential
generation are important in understanding the
physiological functions of the body.

CHARACTERISTICS OF ACTION POTENTIAL

1. Rapid changes in ion conductance resultin generation
of action potential.

2. Specific voltage-gated ion channels mainly contri-
butes towards generation of action potential.

3. Action potentials are generated on regions of cell
membranes that are electrically excitable. The tissues

can be stimulated mechanically, chemically or
electrically. The electrical stimulus is used for
experimentation purpose as the intensity and
duration of stimulus can rightly be controlled.

4. Action potentials generated are of standard size and
shape for a specific cell type.

5. It follows the principle of ‘All-or-none law’: When
threshold potential is reached an action potential is
generated while in case of sub-threshold potential
no action potential will be generated. The threshold
stimuli (graded potential) cause the generation of an
action potential.

6. It follows the principle of accommodation: The
threshold of stimulus should rapidly increase to its
peak intensity. The slow rising strength does not
produce action potential inspite of it ultimately
reaching the threshold strength.

7. The time duration of the action potential is always
the same for a specific tissue. Action potentials not
only have a specific size and shape but they also
exist within a specific time frame which averages to
1 to 5 msec.

8. Voltage inactivation: If a cell membrane is maintained
at a voltage potential above threshold then the
voltage-gated channels are not reset and, hence,
inactivated and no action potentials canbe generated.

The stages of the action potential are

1. Resting stage: It is the polarized stage and reflects
the normal resting membrane potential (RMP).
It varies with the cell type, e.g. RMP of nerve is —
90 mV, pacemaker is -60 mV and skeletal muscle
averages to —-83 mV.

2. Depolarization stage: The sodium ion (Na*) moves
into the cell as the threshold for voltage-gated
Na* channels is exceeded. The membrane
potential changes from RMP to threshold (as
voltage-gated sodium channel opens) and as it
is reaching 0 mV; voltage-gated sodium channel
fully open and further as the membrane potential
reaches to + 30 mV there is inactivation of sodium
channels and opening of the K* channels with
completion of depolarization.

3. Repolarization stage: Potassium (K*) ions flow out
of the cell as voltage-gated K* channels are
opened and the cell membrane potential moves
back toward the resting membrane potential.

4. Hyperpolarization: The potential typically
overshoots above the rest potential to about
—90 mV. This leads to hyperpolarization.

NERVE ACTION POTENTIAL

Action Potential Generation in a Nerve Cell (Fig. 4.4)

1. Resting potential: The resting membrane potential
in nerve cell averages around =70 mV. When a nerve
cell is stimulated, the Na* channels open.
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If the stimulus strength is adequate, the opening
of the Na* channels is sufficient to change the
membrane potential from -70 mV up to-55mV, the
action threshold is reached.

2. Depolarization: As the action threshold is reached
more of the voltage-gated Na* channels open. The
Na* influx drives and changes the membrane
potential to about +30 mV. This process of change in
membrane potential to positivity is called
depolarization. The Na* channels close and the K*
channels open. The K* channels are much slower to
open and the depolarization gets completed.

3. Repolarization: The opening of K* channels open,
the membrane begins to repolarize back toward its
resting stage

4. Hyperpolarization: The potential typically over-
shoots above the rest potential to about -90 mV. This
leads to hyperpolarization. The process of
hyperpolarization raises the threshold for any new
stimulus and prevents the neuron from receiving
another stimulus during this time.

5. Resting potential: The Na*/K* pump eventually
brings the membrane back to its resting state of
—-70 mV from hyperpolarized state.

lonic Basis of Action Potential

Role of voltage-gated sodium channel and potassium
channel in generation of action potential

Resting state: In resting state the nerve fibre remains
in polarized state and the membrane potential lies
within =70 mV. The inside of the nerve is negative and
the outside of the nerve is positive (Fig. 4.1). The
sodium ion concentration outside the membrane is
higher than that of inside the membrane. The potassium
ion concentration inside the membrane is also higher
than that of outside the membrane. K* can permeate
through the membrane at resting state but the Na*
cannot permeate. The influx of sodium leads to
depolarization while efflux of potassium leads to
repolarization. The voltage-gated sodium channel and
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Fig. 4.4: Nerve action potential

potassium channel are main contributors towards
generation of action potential. The action potential occurs
in successive stages of depolarization, repolarization,
negative after-potential and positive after-potential.

Depolarization (excitability): Permeability of Na* to
membrane is increased only after excitation and it is
the first event of the action potential. The threshold
stimulus leads to influx of sodium through leaky
channels and via the opening of the voltage-gated
sodium channel. The membrane potential; decreases
from —70 to -55 mV.

As the depolarization proceeds further; large number
of voltage-gated channel opens. So the depolarization
starts with the onset of Na* entry and thus an increase
in Na* conductance is taken place. The tremendous
increase is Na* conductance during this period is
known as activation of membrane produce large and
sweep depolarization and the membrane potential
reaches to +35 mV. Thus, the reversal of potential is
caused with the development of positivity inside the
membrane and negativity outside. The Na* sodium
influx stops due to inactivation of gates of sodium
channel. The sodium channel remains open for very
brief period of time. Thus, this speedy closure produces
auto-deactivation of the sodium channel. The voltage-
gated K* channels fully open at +35 mV causing efflux
of K* ions.

Repolarization: But as soon as the action potential
attains the voltage approximately +35 mV, K* efflux
out from inside the membrane. The inside of the
membrane becomes negative and outside becomes
positive again. This stage is the repolarization phase
and K* conductance is increased to the maximum. But
at the later period of this phase (at the termination of
spike potential) K* conductance is slowed down. As
the membrane potential reaches to iso-potential level
and as it is reaching towards the resting membrane
potential the inside of the membrane achieves
negativity; this limits efflux of potassium ions. Thus, a
few milliseconds are delayed in restoring the membrane
potential. This state is known after depolarization
phase-potential and is attributed to slow efflux of
potassium ions. In the later phase of repolarization the
sodium channel is closed and then its inactivation gate
opens slowly while the K* channel begin to close and
gradually are completely closed. Thus, as membrane
reaches resting state the activation gates of sodium and
potassium channel are closed while inactivation gate
of sodium channel opens.

Hyperpolarization: This increased negativity inside
hinder further efflux of K*. Most of the voltage-gated
K* channels are closed but as some of the voltage-gated
K* channels the efflux continues and membrane
potential becomes more negative producing the phase
of after hyper polarization. The resting membrane
potential is yet to be achieved. It is achieved by the
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complete closure of voltage-gated K* channel. The
resting ionic composition is restored by the active Na*
K* pump mechanism (increased activity of Na* K* ATPase)

In this way resting normal ionic status is established.

Cardiac Action Potentials

The cardiac muscle exhibits two types of action potentials;
these are fast action potential and occurs in atrial and
ventricular muscles and Purkinje fibres while slow
response action potential occurs in sino-atrial node and
atrio-ventricular (AV) node. Cardiac action potential
of atrial and ventricular muscles and Purkinje fibres
has a true resting potential, a fast depolarization phase,
and a prolonged plateau phase (Fig. 4.5).

The ionic conductance responsible for various phases
as below:

Phase 0: Rapid depolarization and overshoot: The
hundredfold opening of voltage-gated sodium channels
increases the influx of Na* ions. The opened sodium
channel further activates the opening of the other voltage-
gated sodium channels by process of auto- activation.
The membrane potential reaches to peak at +25 mV with
positivity inside the cell. In pacemaker cells the increase
in membrane voltage is mainly due to activation of L type
calcium channels. The L type calcium channel activates
towards end of pacemaker potential and contributes
towards later stages of pacemaker potential.

Phase 1: Initial rapid repolarization: Decreased Na*
and increased K* conductance. There is inactivation of
the fast Na* channels. The sodium influx ceases. The
outward transient rectifying K* channels opens leading
to efflux of potassium ions.

Phase 2: Plateau phase: The L type calcium channels
(activated by sodium flow during phase 0) activation
lead to influx of calcium into the cell. The increased
Ca** conductance due to slow and prolonged opening
of calcium channel leads to plateau phase. There is efflux
of potassium ions through the slow delayed rectifier

Ventricular cell
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Fig. 4.5: Cardiac action potential

K* channel. The influx of calcium into the cell is balanced
by the efflux of potassium to the exterior of the cell, resul-
ting in the plateau in action potential graph recording.

Phase 3: Repolarization: This phase is produced due
to increased K* and decreased Ca** conductance. The
closure of L-type Ca?* channels prevents calcium influx.
The outward rectifying K* channels open increasing
potassium permeability and more potassium moves
outside.

Phase 4: Resting potential: It denotes the membrane
potential when the cell is not being stimulated. This
phase is observed as a horizontal line in non-nodal
tissue action potential. This phase is produced due to
increased K* and decreased Na* and Ca** conductance.
The opening of the inward rectifying K* channels
restores membrane permeability to potassiumions and
thereby reinstating resting membrane potential.

PROPERTY OF ACTION POTENTIAL

1. Strength and duration of intensity: The minimum
strength of stimulus when applied for adequate time
produces a response and is known as rheobase. The
minimum duration for which a stimulus of double
the strength of rheobase is applied is called chronaxie.
Muscle fibres have faster chronaxie value then nerve.

2. All-or-none law: The sub-threshold stimulus fails to
produce response. The threshold stimuli cause the
generation of an action potential.

3. Excitability of nerve fibre: The excitability of nerve
is reduced during action potential.

An action potential has 2 refractory periods

a. Absolute refractory period (Fig. 4.6): During this
period, the cell is unresponsive to any further
stimuli. No other action potential can be fired at
this point, regardless of the strength of the
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Fig. 4.6: Refractory period: Absolute and relative refractory
period
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stimuli. The role of the absolute refractory period
is to ensure one-way propagation of action
potentials and it places a limit on the rate at
which a neuron can conduct impulses.

b. Relative refractory period: During this period,
another action potential can be produced but the
strength of the stimuli must be greater than
normal to trigger an action potential. The role of
the relative refractory period helps to limit the
frequency of action potentials.

4. Accommodation to slow depolarization: If a slow
depolarization occurs the voltage-gated channels do
not respond and no action potential occurs.

5. Conductivity: The action potential is conducted
through the length of the neuron. The wave of action
potentials travel down the axon. The resistance of
the membrane to currentleak out of the cell and the
diameter of the axon determine the speed of action
potential conduction. The large diameter axons
provide a low resistance to current flow within the
axon and this in turn, speeds up conduction. The
conduction time in myelinated nerve is faster than
unmyelinated nerves. The myelin sheath prevents
current leak out of the cells. The portions of the axons
lacking the myelin sheath are called nodes of Ranvier.
There is high concentration of Na* channels at the
nodes which reinforces the depolarization to keep
the amplitude of the action potential constant. The
apparent leapfrogging of action potential from
node to node along the axon is called saltatory
conduction.

Applied physiology

Multiple sclerosis: There is loss of myelin sheath in the nervous
system in multiple sclerosis. This slows down the conduction
of action potential. These patients complain of fatigue,
muscular weakness, difficulty with walking and loss of vision.

Diff l ted L and acti 'I

Graded potentials Action potentials

1. Magnitude varies 1. No variation: All-or-none

2. Decremental 2. Non-decremental (self-
(passive spread) regenerating)

3. No refractory periods 3. Two refractory periods

(absolute and relative)
4. Summation is possible . No summation possible
5. Trigger: NTs, hormones, 5. Trigger: Threshold reached

N

etc.
6. Occurs at cell body 6. Occurs at axon hillock (one
(direction can vary) way direction)

ION CHANNEL STUDIES

The patch clamp technique is conducted to study the
single or multiple ion channels in cells. The technique
helps to assess and evaluate role of ions in
functioning of excitable cells such as muscle fibers,

Erwin Neher Bert Sakmann
(1944) (1942)

neurons, cardiomyocytes, etc. The voltage clamp
technique was modified further to the patch clamp
technique. The patch clamp technique was developed
by Erwin Neher and Bert Sakmann in 1976. Neher
and Sakmann were the first to identify the existence
of specific ion channels. The Nobel Prize in
Physiology or Medicine in 1991 was awarded to
Neher and Sakmann for their discovery of patch
clamp technique and ionic study.

Procedures

1.

The glass micropipette called a patch pipette (Fig. 4.7)
is used as a recording electrode, and a reference
ground electrode is bath around the cell. A thin glass
micropipette is brought in contact with the cell
membrane.
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|
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Fig. 4.7: Schematic diagram: Micropipettes are used for
patch clamp
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2. The membrane fragment forms a tight seal with the
external orifice of the pipette. The exchange of ions
between the inside of the pipette and the outside can
only occur via the ion channel in the membrane
fragment.

3. The portion of cell membrane is suctioned into the
pipette. This creates an omega-shaped area of
membrane which if appropriately formed, creates a
resistance in the 10-100 gigaohms range forming a
gigaohm seal.

4. Based on the study the interior of the pipette can be
filled with a solution similar to that of the ionic
composition of the bath solution in the case of cell-
attached recording, or matching the intracellular
ionic composition for whole-cell recording. The
content or concentration of these solutions can be
changed by adding ions or drugs to study the ion
channels under varied conditions.

RECENT ADVANCES: MAGNETIC RESONANCE
IMAGING IN MEDICINE

Paul Lauterbur of the University of Illinois and Sir Peter
Mansfield of the University of Nottingham were
awarded the 2003 Nobel Prize in Physiology or
Medicine for their “discoveries concerning magnetic
resonance imaging explaining the applicability of MRI
in medicine”. Lauterbur’s advocated the use of
magnetic field gradients to determine spatial
localization for rapid acquisition of 2-D images.

REFERENCE

Dawson M Joan, Paul Lauterbur. The Invention of MRI, Boston:
MIT Press, 2013.

Paul Christian Lauterbur Sir Peter Mansfield
1929-2007 1933-2017

EXAM-ORIENTED QUESTIONS
Essay

1.

Define resting membrane potential. Discuss the ionic bases
of generation of resting membrane potential. Add note on
recording of membrane potential.

. Define action potential. Discuss the stages of action

potential with the role of ions in the same. Discuss the
properties of action potential.

Short Notes

1.

ok W

Resting membrane potential

Action potential and its stages

Graded potential

Properties of action potential

Differentiate between graded potential and action potential
Patch clamp techniques
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Body Fluids and Blood Volume

INTRODUCTION

Water is the most vital and at the same time; the most
abundantcomponent of the human body. It constitutes
about 70% of the total body weight and within which
the major cations like sodium, potassium, calcium,
hydrogen, magnesium and anions like chloride,
bicarbonate and protein of the body are dissolved.
Without water there would be no form of life and it
forms the intracellular medium within which metabolic
reactions—characteristics of living substances take
place. Water-deprivation brings about death earlier
than that of food-deprivation. If water is given instead
of food, life may continue for several weeks by the loss
of most of the body fat and 50%, of tissue protein.

TOTAL BODY WATER AND ITS DISTRIBUTION

Total body water in an average human being, weighing
about 70 kg is 40 to 45 litres. In human being it is about
65% of the body weight in males and about 10% less in
females. But the above values vary mostly with the
relative degrees of leanness and fatness of the
individual. In lean person, the value is higher than that
of in obese person. In general, woman contains more
fat than man. The total body water content can be
determined most accurately by the process of desiccation.

In 1863, Bischoff determined the water content of an
executed criminal by the method of desiccation.
Mitchell and his associates (1945), Widdowson and his
co-workers (1951) have also determined the water
content of the human beings by direct method. The
average water content in different tissues of the body
has been presented in Table 5.1.

It has been observed after studying thoroughly the
water content of the body in man as well as in different
animal species that the total water content in man is
similar to that of in other animals. Besides this, the
relative distribution of water in the various organs and
tissues is mostly same in man as well as in other
species (Table 5.2).
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The percentage of water in various tissues and the
proportion of total weight of the body which each tissue
represents, have been presented in Table 5.3.

Table 5.1: Average water content in various tissues of the body

Constituents Weight % of body % of H,O H,O content

inkg  weight content in litres
Body 75 - 57.68 43.26
Skeleton 11 16 22 2.5
Muscles 30 42 76 23
Fatty tissues 13 18 30 4

Table 5.2: Percentage of water in organs in relation to their
body weight

Constituents Man Dog Rabbit Rat
Skeleton 22 32 21 48
Muscles 76 74 75 76
Skin 72 59 71.5 77
Heart 79 78.5 79 78
Lungs 79 79 78 82
Kidneys 83 78 79 77
Brain 75 75 78 77.5
Liver 68 74 76 74
Blood 83 83 83 81
Entire body 63 66 69 65.5

Table 5.3: Percentage of water in tissues and the proportion

of total body weight

Constituents % of water % of body Litres of
weight water/70 kg
Skeleton 22 16.0 2.5
Muscles 76 42.0 22.0
Skin 72 18.0 9.0
Heart 79 0.5 0.3
Lungs 79 0.7 0.4
Kidneys 83 0.4 0.3
Brain 75 2.0 1.1
Liver 58 2.3 1.0
Blood 83 8.0 5.0
Adipose tissue 16 13.0 0.9
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The water of the body can be considered to be
distributed within two main compartments—the
extracellular and the intracellular. The distribution of
body water in different compartments has been
presented schematically in Fig. 5.1. The cell membrane
actually provides the boundary in between the
extracellular and the intracellular compartments.

Extracellular Fluid Compartment

The extracellular fluid compartment is a compartment

containing heterogenous collections of fluids and not a

continuous fluid phase. Edelman and Leibman (1959)

have studied thoroughly the distribution pattern of

body water by dilution technique and also by tissue

analysis. Itis postulated that 55% (F) of water is present

in the intracellular space and the rest in the extracellular

space. The extracellular fluid phase can be divided into

following subcompartments:

1. Transcellular water: 2.5% (A)

2. Dense connective tissue and cartilage water: 7.5% (B)

3. Plasma water that is confined within the vascular
system: 7.5% (C)

4. Interstitial fluid and lymph: 20% (D)

5. Inaccessible bone water: 7.5% (E)

The term transcellular was introduced by Edelman
and associates (1952) in order to designate the
extracellular fluid having been separated from the other
extracellular fluid by an epithelial membrane. This
transcellular fluid includes: (a) Cerebrospinal fluid,
(b)joint or synovial fluid, (c) intra-ocular fluid, (d) fluids
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Fig. 5.1: Schematic representation of the distribution of
body water in different compartments. A: Transcellular
water. B: Dense connective tissue and cartilage water.
C: Plasma water. D: Interstitial and lymnph water.E: Inaccessible
bone water. F: Intracellular water.

of the pleural, pericardial and peritoneal cavity, (e) fluids
within the ducts of the digestive gland, (f) mucous
membranes of the nasorespiratory tract, gastro-
intestinal tract and genitalia, (g) intraluminal fluid of
gastrointestinal system.

Intracellular Fluid Compartment

It is neither a continuous nor a homogeneous phase
and represents the sum of the fluid contents of all the
cells of the body. In a cell there are many anatomic
subdivisions and for this reason there is a striking
difference in water content and ionic composition in
between the cytoplasm, nucleus, mitochondria and
microsomes of various cell types. This intracellular fluid
contains about 3040% of the body weight and holds
about 55% of the whole body water.

MEASUREMENT OF BODY FLUID COMPARTMENTS

Total body water and extracellular water can be
measured by dilution technique with varying degree
of precisions. Volume of water present in each
compartment cannot be measured directly and thus
indirect method—the dilution technique has been
adopted for its determination.

In this technique the amount of dye used, the final
concentration of the dye in the solution is made, are
considered for determining the volume of distribution.
For example, if a known quantity of dye—Q is taken
and the final concentration is achieved as C, then the
volume of distribution V will be; V = (Q/C).

If a beaker of unknown capacity is taken, then its
volume can be determined by mixing uniformly a
known amount of dye in the volume of water present
in the beaker. If the final concentration of the dye is
determined by the calorimeter then the volume capacity
of the beaker can be determined. Suppose 35 mg of dye
has been added and the final concentration that has
been achieved to be 0.07 mg per ml, then the volume of
the beaker will be:

Quantity of dye 35
Concentration of dye ~ 0.07

Volume (V) = =500ml

The result will be valid only when the drug will be
mixed thoroughly.

In vivo determination of body fluid compartments
by the dilution principle, certain points are generally
considered. The dye injected in the body must be evenly
distributed and confined to the body fluid compartment
to be measured. If the dye is excreted or lodged in other
compartments or metabolised then those amount
should be determined and subtracted from the quantity
administered. So the equation will be:

Quantity administered
— Quanitity excreted
Equilibrium concentration

Volume of distribution =
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TOTAL BODY WATER

Total body water is generally determined by using
antipyrine. The antipyrine is evenly distributed
throughout all the body water compartments and thus
diffuses readily across the cell membrane. It is not
bound to any intracellular and extracellular compart-
ments. It is also slowly excreted and slowly metabolised.

Tritiated water (H,O or HTO) and deuterium oxide
(D,O)—the two isotopes are often used for the
determination of total body water. D,O and H,O are
distributed in the body exactly like water. These are
excreted in the urine, faeces and respiratory gases and
also evaporated through the skin. As for example of
using the D,0 or HTO for the measurement of total
body water, suppose 100 ml of D,O in isotonic saline
solution is injected intravenously to a man of weighing
about 75 kg. After an equilibrium period of 2 hours,
the plasma sample is analysed and D,O concentration
is found to be 0.0023 per ml. During the period of
equilibrium it is found to have a loss (through
respiratory, urinary and circulatory pathways) of
average 0.5% of the quantity administered. So the
volume of distribution will be:

Quantity administered
- Quantity excreted

Volume of distribution = —— -
Equilibrium concentration

_100-05 995

~ 00023 "~ 0.0023

= 43,260 ml or total body water is 43.26 litres
So the body water will constitute

43.26 .
= 7—5 X 100 = 5768 /0

EXTRACELLULAR FLUID VOLUME

The extracellular fluid volume is not determined so
precisely only due to lack of substances that may diffuse
to cross the capillary walls readily, enter the cell
interstices easily but do not permeate through the cell
membrane. Besides this, the substance must be non-
toxic and the rate of excretion must be very low in
comparison with therate of distribution in extracellular
compartment. There are no such ideal substances available
but several substances that have been used are inulin,
raffinose, sucrose, mannitol thiosulphate, radiosulphate,
thiocyanate, radiochloride and radiosodium.

BLOOD VOLUME

Definition: The term blood volume means the total
amount of blood in circulation, as well as in the blood
stores.

Normal blood volume: It can be expressed in two ways:
(a) In relation to body weight: 78 to 97 ml (average 90 ml)

per kg of body weight; or about 1/11th (9%) of the total
body weight. That of plasma is 50 ml per kg body wt.
or 1/20th (5%) of the total body weight. (b) In relation
to body surface: 2.5 to 4 litres (average 3.3) per sq metre
of body surface. A man, weighing 70 kg, has about
5 litres of blood in his circulation.

VARIATIONS UNDER DIFFERENT PHYSIOLOGICAL
CONDITIONS

1. Age: In infants, the blood volume is greater in
proportion to the body weight but is lesser in
proportion to the body surface. [The body surface of
infants is proportionally larger than their body
weight]. This larger volume is due to greater number
of corpuscles as well as larger amount of plasma.

2. Sex: In males, the blood volume is 7.5% higher (per
sq metre of body surface) than in females. This is
due to greater number of red cells in the males. The
plasma volume is same in both.

. Body weight and surface area (vide above)

4. Pregnancy: Blood volume increases due to increase
of both cells and plasma but the rise in plasma
volume is much greater than therise in cell volume.
It falls after delivery.

5. Muscular exercise: Raises blood volume probably due
to contraction of spleen.

6. Posture: In erect posture there is about 15% diminution
of total plasma. It passes out into the tissue spaces.

7. Blood pressure: Rise of blood pressure lowers blood
volume by pressing out more fluid into the tissue
spaces. Lowered blood pressure draws in more fluid
from the tissue spaces and raises the blood volume.
Altitude: At higher altitude the blood volume rises,
due to anoxia produced, the number of red cells
increases in such conditions.

8. Anoxia due to any other cause will raise blood volume.

9. Adrenaline injection: Raises blood volume probably
by splenic contraction.

[S8]

METHODS OF DETERMINATION OF
BLOOD VOLUME

Direct Method

1. Welcker: An animal is
bled to death and the
blood is collected. Then
its blood vessels are
washed outby pumping
saline solution into the
vessels. The saline wash-
ings are added to the
already collected blood.
The colour of this mix-
ture is matched against
the sample of normal

Hermann Welcker
1822-1897
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Defibrinated blood. When a sample of blood is constantly
stirred or shaken with fine twigs of piece of wire or glass beads,
the blood clots and the fibringradually collects upon the surface
of the foreign bodies. In this way all the fibrinogen is converted
to converted into fibrin in a short time and is quickly removed
from the blood sample. This blood will not clot any further
and remains fluid. It is composed of serum in which red and
white cells remain suspended. Defibrinated blood is frequently
used in physiological experiments, instead using by anti-
coagulant.

blood of the same animal. From these data the
volume may be calculated. In dogs, the total blood
volume is 7.7% of body weight.

2. Bischoff: The above method was applied upon
decapitated criminals. It is obvious that the direct
methods have got no place in clinical medicine, for
which one of the following indirect methods is used.

Indirect Method

In this method known amount of a particular substance
is introduced into the blood stream. After some time a
sample of blood is drawn out and the concentration of
the injected substance is determined in it. From this,
the degree of dilution is calculated. Total blood volume
can be found out from these data. The substance to be
used must have certain special qualities. It must not be
toxic, must not alter blood volume, must not easily pass
into the tissue spaces or be excreted, and must not be
taken up by the phagocytic cells of the blood. Also it
must not change its colour and chemical composition
while in the body. Usually, two classes of substances
are used for this purpose: 1. Dye stuff like Congo red,
Evans blue, etc. 2. Radioactive substances.

Dye method: For clinical purposes the blood volume
can be determined by dye method. The dye Evans blue
(T-1824) which is non-toxic and escapes slowly from
the blood vessels, is mostly used in present times.

1. 10 ml of venousblood from the subjectis taken in
aheparinised tube. This serves as the control sample.

2. 5 ml of a 5% solution of Evans blue in distilled
water is then injected intravenously. 10 minutes
after beginning of the injection another 10 ml
sample is withdrawn from the vein of the
opposite side into another heparinised tube.

3. The haematocrit of both samples are determined.

4. The optical density of the dye stained plasma is
estimated. 0.01 ml of the dye is then diluted to
5 ml (dilution1: 500) with control plasma and its
optical density is determined.

Radioactive methods

(a) Radio-iodine plasma albumin method

1. To a sample of plasma, iodine-containing
radioactive isotope B or ¥2[ are added, and

allowed to incubate for some time. This plasma
is slowly injected intravenously.

2. The degree of dilution of its radioactivity is
determined, which is a measure of plasma
volume.

3. Theadvantage of this method is that the albumin,
cannot permeate through the capillary endo-
thelium and is not affected by lipaemia and
haemolysis.

4. The plasma and blood volume are measured in
a similar way as the dye dilution method. The
plasma volume determined by this method is
about 2.5 litres in women and 3 liters in men.

(b) Radioactive iron method

1. Radioactive iron (**Fe or *Fe) is incorporated into
ferric ammonium citrate which is given by
intravenous injection to a person (donor)
belonging to group O (vide blood group). The
radioactive iron is taken up by the newly formed
blood cells which appear in the circulation within
twenty-four hours.

2. 75 ml of blood having a radioactivity of about
3,000 counts per minute per ml (determined by
Geiger) is injected intravenously to recipient,
whose blood volume is to be determined.

3. After about 20 minutes of the injection, 15 ml of
blood is withdrawn from the recipient.

4. Afterinterval of 20 minutes, another two samples
of blood of the same quantity are withdrawn.

5. The blood samples after proper dilution are
centrifuged for half an hour.

6. The samples taken out both from the donor and
the recipient are wet ashed and the iron is
deposited electrolytically on copper.

7. The radioactive iron present in the two samples
is determined with the help of Geiger counter.

8. The red cell volume is calculated from the
number of millilitres of donor’s cell injected, the
radioactivity of the donor’s cells and the radio-
activity of the recipient’s cells.

9. The blood volume is determined by measuring
the plasma volume by the dye method and the
resultis added to the value of the red cell volume.

Similarly red cell volume can be determined either
with labelled radioactive chromium (5!Cr) or
radioactive phosphorus (**P). So from all the above
methods it is clear that the dye Evans blue or plasma
labelled with radioactive iodine help in the
measurement of plasma volume whereas radioactive
iron, chromium or phosphorus is used to determine
the red cell volume. No substance has yet been found
which helps in measurement of the total blood volume
directly. For an accurate measurement of blood
volume, plasma and cell volumes must be determined
simultaneously.
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REGULATION OF BLOOD VOLUME

Although it is customary to talk about a constant blood
volume yet it has been already shown that total blood
volume does not remain constant and varies widely
under different physiological conditions. This variation
is mostly due to alteration of the cells and not due to that
of plasma. The plasma volume remains fairly constant
under normal conditions. The problem of regulation
of blood volume is intimately linked up with that of
water balance.

The maintenance of blood volume depends upon a
balance between water intake and water loss and also upon
the adjustment of fluid interchange between plasma and
tissue spaces through the capillary walls.

A number of factors is involved:

1. Physical factors: Blood pressure, osmotic pressure,
diffusion, the state of permeability of the
capillaries, etc. are the important factors
concerned in the regulation of the blood volume.
The tissue spaces, due to their enormous capacity,
act as aready reservoir. Any increase in the blood
volume will lead to passage of more fluid from
the plasma to the tissue spaces. While any
decrease will draw in more fluid from the tissue
spaces and maintain the blood volume.

2. Vitamins: Some vitamins, specially C, by
controlling the permeability of the capillaries—
take part in the process.

3. Endocrines: A number of endocrine factors are
also involved here. (a) The antidiuretic factor of
the posterior pituitary controls excretion of water
through the kidneys. When blood is diluted the
secretion of the factor is inhibited and thus more
water is lost. When blood becomes concentrated,
reverse changes occur. (b) Parathyroids, by their
effect on calcium metabolism, control the
permeability of the blood vessels and thereby the

Causes of decrease of blood volume

Blood volume is reduced in the following conditions

. Loss of whole blood, e.g. haemorrhage.

. Reduction in number of RBC, e.g. anaemia.

. Loss of plasma alone.

. Loss of blood water or anhydraemia.

. Acute exposure to cold causes moderate loss.

. Posture: Blood volume is low in the erect position than in
the recumbent state.
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Blood volume is increased due to

. High temperature.

. Muscular exercise.

. Emotional excitement.

. Pregnancy.

. Congestive heart failure.

. Administration of mineralocorticoids (deoxycorticosterone
and aldosterone).
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rate of interchange between blood and tissues.
(c) Adrenal cortex is believed to exert important
influence upon salt balance, kidney function and
excretion of water.

4. Thirst: Another important mechanism for
replenishing the reduced blood volume is the
phenomenon of thirst. When the water content
of the body becomes low, ‘thirst” is felt. The
subject takes water and thus the blood volume
is kept up. (Effects of saline injection, fluid loss
and such others have been discussed elsewhere.)

Intracellular Fluid Measurement

There is no direct method has yet been developed. It can
be determined by subtracting the value of the extracellular
compartment from the value of the total body water.

lonic Concentration in Intracellular and
Extracellular Fluids (Fig. 5.2)

The electrolytes are the major solutes in body fluids.
The electrolytes have larger osmotic power because as
they dissociate in water and contribute at least two
particles to the solution. There is unequal distribution
of ions (electrolytes) on the both sides of the cell mem-
brane. The ions move from high to low concentration
by diffusion and as a result of electrical gradient which
favours movement of ions away from like charge
toward opposite charge. Equilibrium is achieved by
principles of Nernst potential and Goldman-Hodgkin-
Katz equation as studied earlier. The ionic equilibrium
generates the resting membrane potential. The
concentration of ions in intracellular and extracellular
fluids is as follows.

Terminology associated with body fluids

® Mole: A mole is the amount of a substance that
contains the number of molecules equal to Avogadro’s
number.

* Avogadro’s number: This is the number of molecules
in one mole of a substance (i.e. 6.022 x 10%).

Extracellular fluid ‘ Intracellular fluid

[T 142 mEQ/L ---------4---—-- 10 mEq/L
K* 4l miEe)L === { ————— 140 mEQ/L
e 5 MEQ/L ~-------—--= <1 mEq/L
o L — 3 mEqg/L - { ------ 58 mEqg/L
Cl7 - 103 mEQ/L -+ 4 mEqg/L
HCO," ----mmmmmmmmmmmee 28 mEQ/L -1 10 mEa/L |
Phosphates -—---—---- —— AmEQ/L—— 75 mEQ/L
SO, I MiES/L= 2 mEq/L
Osmolality ---------- 281 mOsm/L -—————1= 281 mOsm/L
—_— A

Fig. 5.2: lon concentration in extracellular and intracellular
fluids
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* Osmole: This is the amount of a substance that yields,
inideal solution, that number of particles (Avogadro’s
number) that would depress the freezing point of
the solvent by 1.86 K.

* Osmolality of a solution: It is the number of osmoles
of solute per kilogram of solvent.

* Osmolarity of a solution: It is the number of osmoles
of solute per litre of solution.

* Colloids are a term used to collectively refer to the
large molecular weight (nominally MW >30,000)
particles present in a solution. In normal plasma, the
plasma proteins are the major colloids present. As
the colloids are solutes they contribute to the total
osmotic pressure and referred to as colloid osmotic
pressure (or sometimes as the oncotic pressure).

Hydrogen lon Concentration of the Body Fluids

The normal pH value for the body fluids ranges between
7.35 and 7.45. When the pH value of body fluids is above
7.45, it is referred to as alkalosis while pH below 7.35,

is called acidosis. The bicarbonate, ammonium and
protein buffers in the body fluids help restoring changes
in the pH of body fluids, the respiratory system and
the kidneys mainly regulate the pH of the body fluids.

EXAM-ORIENTED QUESTIONS
Essay
1. Discuss the composition of body fluids. Describe the fluid
compartment.

2. Discuss the methods for measurement of fluids in various
body compartments.

Short Notes

1. Body fluid composition
Extracellular fluid volume
Intracellular fluid volume
Plasma volume

Extracellular fluid measurement
lonic composition of body fluids
pH of the body fluids
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CLINICAL CASE SCENARIO
General Physiology

Q1. A patient of Kwashiorkor presented with oedema.
What is the pathophysiological basis of development
of oedema?

Ans. The increase capillary hydrostatic pressure and
decreased oncotic pressure (decrease plasma protein
concentration) leads to increase capillary permeability
and fluids leak from capillary into interstitial spaces
producing oedema. The obstruction in lymphatic
drainage prevents circulation of lymph and may
produce oedema.

Q2. What is the cause of Charcot-Marie-Tooth disease?
What are the characteristic features observed in this
disease?

Ans. The Charcot-Marie-Tooth disease results due to
mutation that produces defects in neuronal protein
which affects the axon and the myelin sheath. The
characteristic features of the disease are the manifes-
tation of hereditary motor and sensory neuropathy with
progressive loss of touch sensations and muscle atrophy
throughout the body. It may also produce stiffness of
joint leading to contractures and scoliosis.

Q3. A child of six years was diagnosed as a case of
adrenoleukodystrophy (ALD). Explain the cause for
the diagnosed condition. Describe the characteristic
features of clinical presentation of the disease.

Ans. ALD is caused due to accumulation of long chain
fatty acids in the tissue. The lysosomes lack a second
protein on the membrane due to which enzyme which
break long chain fatty acids cannot enter into
preoxisomes and this leads to accumulation of fatty acid
in brain and spinal cord especially. The clinical
symptoms observed in this condition are poor memory,
low academic achievement or poor performance in
school, weakness and paralysis of lower limb, stiffness
of joint and ataxia.

Q4. A 32-year-old patient was known case of mitochon-
drial myopathy. Discuss regarding the cause for mito-
chondrial disease and signs and symptoms observed
in this disease.

Ans. The mutation in the mitochondrial DNA affects
its functions leading to mitochondrial disease which is
group of disorders caused by dysfunctional mito-
chondrion. The signs and symptoms observed in
mitochondrial diseases are fatigue, muscular weakness,
growth retardation, loss of muscle coordination,
dementia, learning disability, neurological disorders,
autonomic dysfunction, and systemic pathological
manifestations (kidney disease, GIT disorders, heart
disease, respiratory disease, visual and hearing problem,
etc.).

Q5. Discuss the cause for the following membrane
transport disease: Hartnup disease, Gitelman syndrome
and Pendred syndrome.

Ans. Hartnup disease is autosomal recessive metabolic
disorder which affects the absorption of non-polar
amino acids such as tryptophan.

Gitelman syndrome: It is an autosomal recessive type of
disorders. The patient presents with hypokalaemic
metabolic alkalosis, hypomagnesaemia and hypocalciu-
ria. It is due to loss of function the mutation of sodium
chloride symporter in thick ascending limb of loop of Henle.

Pendred syndrome: It is a genetic disease with
characteristic presentation of sensorineural hearing loss
with goitre. It is due to mutation in the PDS gene which
is located on long arm of chromosome gene which codes
for pendrin protein. The pendrin protein is found in
kidney, thyroid and cochlea. It is involved in secretion
of bicarbonates in kidney and functions as iodide/
chloride transporter in thyroid.

Q6. As a medical student you are to interpret your
opinion about channelopathies. Discuss regarding
them in brief and cite a few examples.

Ans. The altered function of ion channels subunits or
proteins that regulate them lead to channelopathies. The
disease may be congenital or acquired (autoimmune
attack on ion channel).

1. Catecholaminergic polymorphic ventricular tachy-
cardia is due to mutation of genes encoding a calcium
channel.

2. Familial hemiplegic migraine is an autosomal
dominant disorder. This is classical migraine
subtypes in which patient complain of weakness in
one half of the body which may last for hours, days
or week. It is caused by mutation in gene coding for
P/Q type calcium channel.

3. Generalized epilepsy with febrile seizures plus: It is
an autosomal dominant disorder in which patient
exhibit various epilepsy phenotypes. It has been
associated with mutations in three voltage gated
sodium channels (SCN1B, SCN1A) or the gene
encoding the y, subunit of y aminobutyric acid
(GABA) A receptors (GABR G2).

4. Cystic fibrosis: It is caused due to mutation in cystic
fibrosis transmembrane conductance regulator
(CFTR) gene. The CFTR protein is chloride ion
channel which plays important role in production
of sweat, mucus and digestive enzymes.

5. Brigada syndrome: It is a genetic disorder. In these
patients ECG is abnormal and there is higher risk of
sudden calcium death. It is cause due to mutation in
o subunit of sodium channel, oo subunit of cardiac L
type cardiac channel, B, subunit of sodium channel,
B subunit of voltage-dependent L type calcium
channel, etc.
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Q7. A 42-year-old male was identified as a case of
cardiac action potential anomaly. What can be the
likely cause for the same? Name some antiarrhythmia
drugs which act on cardiac action potential.

Ans. The cardiac action potential anomaly may be due
to congenital mutation or injury to the cardiac muscle.
The anti-arrhythmia drugs which act on cardiac action
potential are lidocaine, quinidine, verapamil and
propranolol.

Q8. There were the cases for study of water electrolyte
imbalance, water intoxication and inward during
early dehydration clinical exposure session. What are
the causes for the conditions?

Ans. The profuse sweating due to summer heat or over
exercise practice can lead to sodium and water loss
through sweat producing electrolyte imbalance. The
deficit in total body water leads to dehydration. It may
occur due to sweating, osmotic diuresis, vomiting and
diarrhoea.

Q9. The resident trainee instructed not to administer
oral rehydration therapy but intravenous therapy in
certain conditions of dehydration. Enlist such conditions
in which oral rehydration therapy is contra- indicated.

Ans. Oral rehydration therapy is contraindicated in

patients of haemodynamic shock, intussusceptions,
paralytic ileus and in patients in comatose state.
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Composition and
Functions of Blood

INTRODUCTION

Blood may be described as a specialized connective
tissue in which there is liquid intercellular substance
known as plasma and formed elements, the red blood
cells, the white blood cells and the platelets suspended
in the plasma. The specific gravity of whole blood varies
from 1.055 to 1.060. The freshly shed, blood is red, thick,
opaque and slightly alkaline. In order to understand
the full significance of blood, it is imperative to
understand the composition and functions of blood.

FUNCTIONS OF BLOOD
1.

Transport of respiratory gases: It carries oxygen
from the lungs to the tissues and CO, from the
tissues to the lungs.

Transport of nutrition: It carries digested food
material absorbed from the intestine to the tissue
cells for utilisation. It also carries nutritive material
from one place of the body to the other. For
instance, from the storage depots to the tissue cells.
It acts as a vehicle through which the hormones,
the vitamins and other essential chemicals are
brought to their places of activity.

Drainage of waste products: It carries the waste
products of cellular activity and brings them to the
organ of excretion, viz. kidney, lungs intestine, etc.
Maintenance of waterbalance: Vide‘Waterbalance’.
Maintenance of acid-base equilibrium: By its
efficient buffering power (e.g. plasma proteins,
reduced and oxidized haemoglobin, etc.) and with
the help of kidney, skin and lungs. It helps to
maintain a constant reaction of the body.
Maintenance of ion balance between the cells and
the surrounding fluid.

Regulation of body temperature: The water content
of blood possesses three qualities which make it
very suitable for this purpose. (a) Due to its high

@

specific heat* it can absorb a large amount of heat
and thereby prevent sudden change of body
temperature. (b) High conductivity—the thermal
conductivity of water is higher than that of any
other ordinary liquid. This helps quick distribution
of heat. (c) High latent heat of evaporation—latent
heat of evaporation of water is very high and since
water is constantly evaporating from skin and
lungs. A large amount of heat is lost in this way.
Defensive action: Blood acts as a great defensive
mechanism in two ways: (a) The white cells due to
their phagocytic properties engulf bacteria and
foreign particles. (b) It develops antibodies which
combat toxic agents.

By the property of coagulation it guards against
haemorrhage.

The plasma proteins of blood have various
functions (vide functions of plasma proteins).
Regulation of blood pressure, by changes in
volume and viscosity (haematocrit value) of blood.

COMPOSITION OF BLOOD

Blood is a highly complex fluid which is composed of
two parts—a liquid, called the plasma and different
types of cells which remain suspended in the plasma.
The cells are called the blood corpuscles. The plasma
constitutes about 55%, and the cells about 45% of the
total volume of human blood.

The general composition of the whole blood is as follows

Whole blood cells: (a) Red blood corpuscles or erythro-

cytes (RBC). (b) White blood corpuscles or leucocytes

(WBC). (c) Platelets or thrombocytes.

Plasma: (a) Water, 91 to 92%, (b) Solids, 8 to 9%.

Inorganic constituents: 0.9% sodium, potassium, calcium,

magnesium, phosphorus, iron, copper, etc.

Organic constituents

1. Proteins: 7.5% serum albumin, serum globulin,
fibrinogen, prothrombin, etc.

10.

11.

12.

* Specific heat of a substance is the number of calories required to raise the temperature of one gram of the substance to one degree centigrade.
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2. Non-protein nitrogenous (NPN) substances: Urea, uric
acid, xanthine, hypoxanthine, creatine, creatinine,
ammonia, amino acids, etc.

3. Carbohydrate: Glucose, etc.

4. Fats: Neutral fat, phospholipid, cholesterol, choles-
terides, etc.

5. Other substances: Internal secretions, antibodies and
various enzymes (amylases, proteases, lipases,
phosphatases, etc.).

6. Colouring matter: The yellow colour of plasma is due
to small amounts of bilirubin, carotene and
xanthophyllin.

Note that all values in Table 6.1 are expressed per 100 ml
of blood. Table 6.2 denotes values of ion concentration
in extracellular and intracellular fluid in millimoles/liter.

Relative Volume of Corpuscles and Plasma

In normal human blood (Table. 6.1), plasma volume is
proportionally more than total corpuscular volume. The
plasma volume varies between 52 and 55% and the
packed corpuscular volume varies from 45 to 48%. The
normal packed cell volume for males is about 45% while
that in case of females is a bit lower and is about 40% of
whole blood.

The ratio of red blood corpuscles to plasma is
expressed as the haematocrit value. This can be
estimated by an instrument called haematocrit. It
consists of a specially prepared graduated capillary
(Wintrobe’s) tube of uniform bore in which a specimen
of blood, treated with an anticoagulant, is taken. It is
centrifuged at a speed of 3,000 revolutions per minute

Table 6.1: Normal value of blood constituents commonly of clinical importance

Blood constituents per 100 ml Whole blood Plasma Serum
Haemoglobin gm/100 ml 12-17 (in male)

11-15 (in female)
Proteins gm/100 ml 6.0-6.8
Albumin gm/100 ml 4.7-5.1
Globulin gm/100 ml 1.3-2.8
Fibrinogen gm/100 ml
A/G ratio 1.2-1.8
True glucose mg/100 ml 65-90
Total lipids mg/100 ml 360-820
Fats mg/100 ml 150-250
Total fatty acids mg/100 ml 100-500
Pyruvic acid mg/100 ml 0.8-1.1
Lactic acid mg/100 ml 6-16
Non-protein nitrogen mg/100 ml 28-39
Urea mg/100 ml 19-33
Urea N mg/100 ml 9-15
Creatinine mg/100 ml 1.2-1.1
Uric acid mg/100 ml 1.0-3.0
Total cholesterol mg/100 ml 150-250
Free cholesterol mg/100 ml 40-70
Esterified cholesterol mg/100 ml 100-180
Calcium mg/100 ml 9-11
Sodium mg/100 ml 310-350
Potassium mg/100 ml 14.1-24.2
Sulphur as sulphates mg/100 ml 2.0-4.0
Chlorides as NaCl mg/100 ml 576-612
Phosphorus as organic phosphate  mg/100 ml 3.2-4.1
Ascorbic acid mg/100 ml 0.7-1.5
lodine pg/100 ml 0.2-0.8
CO, capacity at 40 mm CO, vol/100 ml 55-75
O, capacity (exposed to air) vol/100 ml 16-24

Average figures in healthy adult Indians: Sugar, 85 mg per 100 ml of wholeblood; urea, 25 mg%; NPN, 23.4 mg%,; uric acid, 40 mg%; creatinine 1.5 mg%;
cholesterol 154 mg%; chloride (as NaCl), 396 mg per 100 ml of whole blood; calcium, 10.2 mg per 100 ml of serum; inorganic phosphorus, 3.6 mg%

and lipid phosphorus, 9.7 mg per 100 ml of whole blood.
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for 30 minutes, until plasma and corpuscles are
of physiological importance completely separated, and the sedimented corpuscles
show no further shrinkage in volume. From the
graduations on the tube the proportion of plasma and
corpuscles can be known (Fig. 6.1A and B).

Table 6.2: Intracellular and extracellular concentrations of ions

Component  Intracellular Extracellular
concentration (mM/L) concentration (mM/L)

Cations
IER =15 145 EXAM-ORIENTED QUESTIONS
K* 140 5
Mg2+ 0.5 1-2 Essqy
Ca? 10+ 1-2 1. Discuss the composition of blood and its functions.
H* 7 x 105 4x107°
(1072 MorpH 7.2) (1074 Mor pH 7.4) Short Notes
Anions 1. Composition of blood

Cl- 5-15 110 2. Functions of blood
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Specific Gravity of Blood

INTRODUCTION

Specific gravity is defined as the mass of any volume
of substance by mass of equal volume of water at 4°C
(the density of water is the maximum at 4°C).

Specific gravity of venous blood at 15°C (59°F) as
determined by the psychometric method is in-between
1.048 and 1.066 with averages of 1.052 and 1.063. The
clinical average is 1.057 in males and 1.053 in females.
There is normal diurnal variation of specific gravity of
blood and is about 0.003; and it is being generally lower
in the afternoon and after meals and higher after
exercise and during the night. The specific gravity of
blood serum varies from 1.026 to 1.031 and that of
erythrocytes is from 1.092 to 1.095. The specific gravity
of the foetal blood in full term is highest and that of
the mother at the same time is lowest (about 1.050).
The specific gravity rapidly falls after birth due to the
destruction of the red cells. The packed cell volume
can be read after centrifuging blood sample in
haematocrit.

Rise in Specific Gravity

Specific gravity rises in the following conditions:

1. When water is lost from the body, such as in
excessive sweating, diarrhoea, cholera, etc.

2. By exudation of fluid into tissues or serous cavities
due to inflammation or surgical operation.

3. When water intake is inadequate.

Fall in Specific Gravity

1. When large quantity of water is taken.
2. In severe haemorrhage after which fluid is drawn in
from the tissue spaces and the blood is diluted.

3. Injection of saline into the veins causing dilution of
blood.
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Method of Determination

The specific gravity (SG) of the provided blood sample
is determined by Philips and Vanslykes CuSO,
method. The method of estimation is named after the
biochemist Donald Dexter Van Slyke (1883-1971). The
principle adopted, is to add drops of blood to a series
of copper sulphate (CuSO,) solutions of known
specific gravity and to note in which particular
solution the blood drop neither floats nor sinks. The
specific gravity of that particular solution indicates
the specific gravity of the blood sample. A series of
mixtures of benzene and chloroform and mixtures of
glycerine and distilled water of known specific gravity
are also used.

1883-1971



Significance: Spedific gravity measures the haemoglobin ~ EXAM-ORIENTED QUESTIONS
contentand packed cellvolume. The spedific gravity indicates ~ Short Notes

blood proteins status and degree of dehydration; hence the 1. Significance of specific gravity
measurement of specific gravity of blood helps to confirm 2. Method of determining specific gravity
physiological homeostasis state of patient prior toany surgery. 3. Rise and fall in specific gravity

Human Physiology
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Plasma Proteins

INTRODUCTION

Although it is customary to state that plasma contains
several types of proteins yet it is highly probable that
in the living animal, all these different varieties remain
combined together forming a single protein complex.
This complex is very loose and is easily broken down
into different parts by addition of salts, alteration of
pH, etc. The so-called serum albumin, serum globulin,
fibrinogen, etc. are the parts of the same parent
complex, isolated by different techniques of separa-
tion.

Serum is the fluid part of blood after clotting. It
contains only serum albumin and serum globulin. The
albumin/globulin (A/G) ratio is ordinarily 1.5:1.0.
Different methods of separation indicate slightly
different A/G ratio. Electrophoretic method of
separation gives a ratio 1.2: 1.0. This ratio varies in
different species but in the same species it remains
almost constant in blood, lymph and serous
transudations. In liver disease, however due to diminish
formation of albumin, the ratio may be reversed.
Chemical analysis of the total serum proteins reveals
that arginine/lysine ratio is 10:18. This ratio remains
more constant than the albumin/globulin ratio.

PLASMA PROTEINS VARIETIES

In normal individuals, total amount of plasma protein
varies from 6.5 to 7.5% and average is about 7.0%. It is
made up of following varieties: Serum albumin: 4.7-
5.7%, serum globulin: 1.3-2.5%, fibrinogen: 0.2-0.4%,
prothrombin (approximately 20 mg/100 ml), and
seromucoid (are also present).

CHEMISTRY AND SEPARATION OF PLASMA
PROTEINS
Serum Albumin

It constitutes the major part of the total plasma
proteins.

Characteristics

1. It is albumin in nature and is having a molecular
weight, about 69,000.

2. It is soluble in distilled water.

3. It is precipitated by full saturation with ammonium
sulphate.

4. Its isoelectric pH is 4.7.

5. The albumin molecule is an ellipsoid, made up of a
single polypeptide chain.

6. It is smaller and more compact than other plasma
proteins and is heat coagulable.

Serum Globulin
It is globulin in nature.

Characteristics

1. It is having a molecular weight, varying from 90,000
to 1,300,000.

2. It is insoluble in distilled water, but soluble in salt
solutions.

. It is coagulated at about 70°C.

4. Globulin, like albumin, is also a mixture of several
globulins.

5. By means of electrophoresis serum globulin has been
separated into three fractions: Two fractions: (a) One
fraction combines with bilirubin, (b) another fraction
helps in the carriage of lipids, steroids and glyco-
proteins. o,-globulin consists of o, -macroglobulins,
mucoproteins, ceruloplasmin, hepatoglobulins—the
latter combine with free haemoglobin in the plasma.

W

B-globulin: Its molecular weight ranges from 90,000 to

1,300,000 and its isoelectric pH is 5.6. B-globulins are:

a. B-lipoprotein which helps in the carriage of lipid,
steroid and carotene.

b. Globulin which helps in the transport of iron, e.g.
transferring (siderophilin) which can also combine
loosely with cupric copper.

c. Prothrombin is a B-globulin.
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o-globulin: Its molecular weight ranges from 150,000
to 190,000 and its isoelectric pH is 6.0. They inhibit blood
proteases and show significant inhibitor activity.

a.

b.

They are highly mobile in alkaline or electrically
charged solution.

By careful electrophoresis, several varieties of
functionally different proteins have been isolated
more or less in pure form from the globulin fraction.
They are immune globulins, hypertensinogen,
isohaemoagglutinins (o, B, a3, etc. vide blood
groups), prothrombin, plasma thromboplastins,
certain anterior pituitary hormones, etc.

. They are of two types o, globulins: Examples: o -

antitrypsin, o, -antichymotrypsin, orosomucoid, o.-
lipoprotein, etc. o, globulins: Examples: Protein C,
az-lipqprotein, angiotens.inogen, haptog}obin, o.,-
globulin, o,-macroglobulin, ceruloplasmin, thyro-
xine-binding globulin, o,-antiplasmin.

Gamma Globulin

The y-globulins which are immunologically active are
also called “immunoglobulins” or “antibodies”.

Fibrinogen

Itis globulinin nature. Its molecular weight ranges from
341,000 and its isoelectric pH is 5.8.

a.

It is coagulated at about 56°C and precipitated by
one-fifth saturation with ammonium sulphate and
half saturation with NaCl.

. It is insoluble in distilled water. It is distinguished

from other plasma proteins by its property of
clotting, during which fibrinogen is converted into
fibrin.

SEPARATION OF PLASMA PROTEIN

The three proteins can be separated and isolated in the
following ways.

Estimation of Plasma Proteins and Separation of
Their Fraction: Method

1.

2.

Plasma is taken and its total protein is estimated by
Kjeldal’s process. This includes all the three proteins.
Then the total protein of serum from same sample is
estimated.

. Since, serum contains only albumin and globulin, the

difference between the two total protein estimations
will give the amount of fibrinogen.

. Another sample of serum is half saturated with

ammonium sulphate. This will cause precipitation
of all globulins. It is filtered. The filtrate which
contains albumin is fully saturated with ammonium
sulphate. Albumin will be precipitated.

In this way the three fractions can be separated (other

methods of separation of proteins are electrophoresis,

Human Physiology

isoelectric precipitation, ultracentrifugation, fractional
separation by alcohol, etc.).

Michael Rubinstein was the first to use plasmapheresis for
treating an immune-related disorder in an adolescent boy
diagnosed as a case of thrombotic thrombocytopenic purpura
(TTP) at the old Cedars of Lebanon Hospital in Los Angeles in
1959.

ORIGIN OF PLASMA PROTEINS

1.

In the embryo, the primitive plasma and the plasma

proteins are produced either by secretion or actual

solution of the mesenchymal cells. The albumin
fraction is the first to be formed. The other varieties
appear later.

. In the adults, all the four fractions are produced by
the liver. This is supported by isotopic experiments.
Fibrinogen, prothrombin and albumin are manufac-
tured only in the liver.

. Globulin is also suggested to be formed from other
sources; such as: (a) From the disintegrated blood
cells, (b) from the reticuloendothelial system
(specially the y-globulin), (c) from the tissue cells in
general, (d) from lymphoid nodules.

. The plasma proteins are not static entities. The
isotopic experiments indicate thatthey are completely
used up and replaced every fourteen days.

. Albumin synthesis is stimulated by osmotic pressure

changes and by hypoproteinemia; globulin, by a

depressed blood protein pool and fibrinogen by

systemic inflammation.

RATE OF REGENERATION OF PLASMA PROTEINS:
WHIPPLE'S EXPERIMENT

George Hoyt Whipple an American
physician and biomedical researcher
shared Nobel Prize in medicine with
George Richards Minot and William
Parry Murphy for their discoveries
concerning liver therapy in cases of
anemia in 1934.

George Whipple
1878-1976

Whipple's Experiment

After depletion of plasma proteins, such as by severe
haemorrhage or after blood donation, the plasma
proteins come to the normal level in about fourteen
days. Fibrinogen is regenerated first, then comes
globulin and last of all serum albumin.
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Relation of Diet to Plasma Proteins

Whipple performed the experiment of plasmapheresis
upon dogs.

1.

2.

The dog was bled, and the cells were separated from
plasma.

The plasma was rejected and the cells were re-
injected being suspended in Ringer-Locke’s solution.
This is continued for several weeks after a protein
concentration of 4% has been attained in order to
exhaust the protein reserves.

. Then it is found that on a standard diet, the rate

of plasma protein regeneration is constant. It
is seen that during fasting only 2 to 8 gm of
plasma proteins are formed weekly by the body
tissues.

. Regarding the efficacy of food protein, the more a

particular protein resembles the plasma proteins
in the quality and quantity of its amino acid
content the more effective it will be in this respect.
Obviously, plasma itself will be the best. If whole
plasma is given by mouth, for every 3 gm of
plasma protein ingested, 1 gm of plasma protein
is formed. The potency ratio is therefore 3:1. The
potency ratio of the proteins in grains, potatoes,
kidney or liver is 5:1. That of red cell, heart or
spleen is 10:1.

. From this, it is seen that excepting plasma proteins,

a diet containing grains, potatoes, kidney or liver will
regenerate the lost plasma proteins in the earliest
time. Moreover, it is found that plant and grain
proteins favour globulin formation, whereas animal
proteins favour albumin formation. Role of essential
amino acids is noteworthy.

. Plasma proteins can be synthesized from amino acids

if all the essential amino acids are freely supplied.
Methionine is essential for long continued production.
Cystine is less effective and can replace methionine
for short periods only.

. Vitamin K helps in the formation of prothrombin in

the liver.

. Inference from the experiment: There are three types

of proteins in human body

a. Dispensable reserve proteins: These proteins
from the reserve store such as glands and skeletal
muscle are the source of energy during fasting,
starvation, etc.

b. Labile reserve proteins: These proteins are
released immediately into circulation from liver
and other sources of protein synthesis to
compensate for protein loss due to hemorrhages,
burns, etc.

c. Indispensable proteins: These proteins cannot be
mobilized into circulation for compensation and
are the fixed cell proteins utilized for various
cellular functions.

FUNCTIONS OF PLASMA PROTEIN

1. Coagulation of blood: Fibrinogen and prothrombin
are essential for coagulation of blood and takes part
in the process (Fig. 8.1).

2. Maintain colloidal osmotic pressure of blood and
aid in regulating the distribution of fluid between
blood and tissue. All three proteins take part in
the process.

3. Osmotic pressure: Albumin having the smallest

and the mostsymmetrical molecule exerts maximum
osmotic pressure. Osmotic pressure depends upon
a number of molecules in the solution. Albumin
has a considerably smaller molecular weight than
globulin and comprises 52% of plasma protein.
One gram of albumin in 100 ml will exert a pressure
of 55 mm of Hg. Under the same conditions
globulin exerts only 1.5 mm Hg. The total colloidal
OP varies from 25 to 30 mm of Hg and albumin is
responsible for 80% of it.

4. Maintain viscosity and blood pressure: The

proteins of plasma, mainly globulins due to larger
molecules and asymmetry of their structure are
responsible to some extent for the viscosity of
blood, and viscosity is an important factor in
maintaining blood pressure which is essential for
efficient heart action. Whole blood is isoviscous
with 25% albumin, 15% a-globulin and 2%
fibrinogen. The relative viscosity of blood is 4.7 for
men, 4.4 for women, 4.2 for children; that of plasma
as 1.8 and that of serum as 1.5 relative to distilled
water at 37°C (98.6°F).

5. Concerned with erythrocyte sedimentation rate

(ESR): The plasma proteins exert a great influence
upon the suspension stability of blood. This is
chiefly dependent on fibrinogen, less on globulin
and least on albumin. An increase in fibrinogen
raises the sedimentation rate of red blood
corpuscles by increasing the speed of rouleaux
formation. Since, the plasma proteins alter in
various diseases, determination of sedimentation
rate is of considerable clinical importance and
constitutes a guide to the progress of disease. It is
determined by the methods of Wintrobe, Westergren
and Cutler.

Plasma Blood platelets Damaged tissues
—— BR—
v l v
Thromboplastin
Stage | l+ Calcium [Ca’ ']
Stage II: Prothrombin = » Thrombin
Stage III; Fibrinogen — —==» Fibrin [clot]

Fig. 8.1: Role of fibrinogen and prothrombin in blood
coagulation
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6. Act as buffers: They act as buffers in maintaining
acid-base balance.

7. Act as a protein reserve: The plasma proteins serve
as a storehouse of proteins from which the tissue
can draw during starvation or inadequate protein
diet.

8. Help CO, carriage by forming carbamino proteins
(vide CO, carriage).

9. Form trephones: The leucocytes prepare substances
from the plasma proteins, called trephones, which
are necessary for the nourishment of the tissue cells
grown in culture.

10. Antibodies: The antibodies being y-globulin in
nature make up a small fraction of the globulins of
plasma for defence against infection.

11. Help transport of certain substances in blood:
Plasma proteins combine with certain substances
and help to carry them in the bloodstream:
(a) Some hormones, enzymes, and clotting factors
are part of globulin fraction of plasma proteins,
(b) iron (transferrin) and copper (ceruloplasmin)
are bound to globulin fractions.

RECENT ADVANCES: INTRINSIC SIGNALS
PROTEINS

Giinter Blobel is a German biologist and was awarded
1999 Nobel Prize in Physiology and Medicine for the
discovery that proteins have the intrinsic signals and
these intrinsic signals govern their transport and
localization in the cell. The signal peptide forms an
integral part of protein targeting, a mechanism for cells

Giinter Blobel
1936

to direct newly synthesized protein molecules to their
proper location by means of signal peptide within the
molecule.

EXAM-ORIENTED QUESTIONS
Essay

1. Enlist the various types of plasma proteins. Discuss the
functions of plasma proteins.

Short Notes

Plasmapheresis

2. Origin of plasma protein

3. Whipple’s experiment

4. Enlist the functions of plasma protein

-_
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Viscosity and Erythrocyte
Sedimentation Rate (ESR)

INTRODUCTION

Viscosity of blood is an important factor, since it
determines the peripheral resistance of the blood flow
through the blood vessels and thus helps to maintain
blood pressure.

Viscosity: Characteristics

1. Human blood is five times more viscous than
distilled water.
The viscosity of the whole blood is mainly due to
cells and that of plasma is due to plasma proteins.
The viscosity of plasma is less than that of whole
blood. The relative viscosities of water, plasma and
whole blood are roughly 1, 1.8 and 4.7 respectively.
. Viscosity is measured by noting the time of flow of a
given volume of blood through a specially prepared
tube (viscosimeter) and comparing the time taken
by the same volume of distilled water to pass through
the same tube.

2.

3.

Viscosity is Affected by Various Factors

1. It depends on the amount of plasma proteins, the
number and volume of corpuscles and CO, tension.
Viscosity rises in acidosis, hyperglycaemia, hyper-
calcaemia, polycythemia, cyanosis, icterus, diabetes
mellitus, etc. and is reduced in anaemia, fever,
exercise, edema, lymphatic leukaemia and malaria.

Rise of temperature reduces the viscosity of blood.

2.

SUSPENSION STABILITY OF BLOOD
(ERYTHROCYTE SEDIMENTATION RATE OR ESR)

Erythrocyte sedimentation rate (ESR): While in
circulation, the red cells remain uniformly suspended
in the plasma. If an anticoagulant is added to a specimen
of blood and let stand it in a glass tube, the corpuscles
(being heavier than plasma) are found to sediment
gradually at the bottom of the tube, while the plasma
remains as a clear supernatant fluid (Fig. 9.1).
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This process is called sedimentation and the rate
of settling down or sedimentation is known as the
erythrocyte sedimentation rate (ESR). Thus, the
erythrocyte sedimentation rate (ESR) is the rate at
which red blood cells sediment in a period of one
hour.

Sedimentation Continues in Three Phases

* A short stage of aggregation with a little fall.

¢ True sedimentation following maximum velocity of
fall.

¢ Finally slowing until packing is complete leaving an
upper layer of clear plasma.

It depends upon (a) on the differences in densities
between red blood corpuscles and plasma, (b) on the
degree of adherence of red blood corpuscles to one
another (rouleaux formation) related to the plasma
protein content and (c) on the resistance that plasma
exerts on the red cell surface.

ESR INCREASED AND DECREASED

The ESR is increased in inflammatory conditions,
anemia, pregnancy, autoimmune disorders (rheumatoid
arthritis and lupus erythematosus), varied infections,
lymphoma and multiple myeloma, etc. The ESR is
decreased in polycythemia, sickle cell anemia,
leukemia, hypoproteinemia (secondary to liver or
kidney disease) and congestive heart failure.

SIGNIFICANCE OF ESR

ESR estimation is done to evaluate the response to
therapy in certain inflammatory diseases such as
polymyalgia rheumatica, temporal arteritis and
rheumatoid arthritis. In many of the chronic diseases
such as tuberculosis, rheumatoid arthritis, infective
endocarditis, multiple myeloma, inflammatory
bowel disease, etc. The ESR value may be markedly
increased.
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Procedure for estimation of ESR

ESR constitutes a guide to the progress of a disease. It is
measured either in relation to a fixed time or distance by the
methods of Wintrobe, Westergren and Cutler. The tube is put
in a vertical position, the lower end of which is placed on a
rubber cap and the upper end remains open. Height of
supernatant plasma in mm separated out at the top of the
vertical column of blood after an hour is noted. This is
expressed as the erythrocyte sedimentation rate.

The erythrocyte sedimentation stages are

1. Stage 1: Rouleaux formation: It occurs in first 10 minutes

2. Stage 2: Sedimentation or settling stage occurs in
nearly next 40 minutes.

3. Stage 3: Packing stage occurs in further 10 minutes
after completion of stage 2 (cells start to pack at the
bottom of the tube).

Normal ESR values by Wintrobe’s method is 0-6.5 mm
per hour for males, average being 3.7 mm per hour and
0-15 mm per hour for females, average being 9.6 mm
per hour.

PHYSIOLOGICAL VARIATIONS IN ESR

1. Lowest in newborn, 0-2 mm per hour.

2. In children, it is from 3 to 13 mm/hour, average
9 mm/hour.

3. In pregnancy there is a definite acceleration in
beginning from the tenth to twelfth week. The rate
gradually increases and reaches normal level only
at third or fourth week postpartum.

4. In old age the ESR increases.

5. It is a non-specific reaction, and gives information
of a general character, but is useful supplementwhen
temperature, pulse, etc. show no clinical disorder.

6. ESR is increased in all acute general infections.

B i
- =~ > 10017 .
el | | Distance
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I=| |i [have fallen
) i
=0 |i
= i
= .y
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Fig. 9.1: Erythrocyte sedimentation rate reading observation:
Note the observed value of ESR of 18 mm at end of one
hour by Wintrobe’s method

7. One of the most important uses of the test is in calling
attention to the presence of more or less occult
disease. It is also useful as an aid in differential
diagnosis.

8. Other thingsbeing equal, an accelerated rate suggests
organic disease rather than functional disorder.

9. It acts as a guide to the progress of a disease.

EXAM-ORIENTED QUESTIONS
Short Notes

1. Viscosity

Enlist conditions in which viscosity is altered

Define ESR and state its normal value in males and females
Physiological variation in ESR

pH mediated blood reaction

Methods of determination of blood reaction

ok W



Chapter

10

Coagulation of Blood

INTRODUCTION

When blood is shed, it loses its fluidity in a few minutes
and sets into a semisolid jelly. This phenomenon is
called coagulation or clotting. On further keeping, the
clot retracts to a smaller volume and presses out a clear
straw-coloured fluid, called the serum. Serum will not
clot any more. When the process of coagulation is
studied under the ultra microscope, it is seen that,
minute granules appear at first, often near a clump of
disintegrating platelets. These granules join together
to form needles, which again unite with one another to
form long threads across the whole bulk of blood. These
threads cross one another and form a sort of network,
into the meshes of which the red and white cells become
entangled. The clot gradually retracts and serum
separates out.

It is to be noted that coagulation is the property of
plasma alone. The red and white cells do not take part
in it. They only become caught up in the meshes of the
clot and are thereby removed. It is due to this fact that
the clot has a red colour, and the serum is a clear non-cellular
fluid. Blood platelets take some part in the process.

IMPORTANCE OF COAGULATION OF BLOOD

The phenomenon of coagulation is of enormous
physiological importance. Its purpose is to stop further
haemorrhage. When bleeding occurs, the shed blood
coagulates and the bleeding vessels become plugged
off by the clot. The retraction of the clot compresses
the ruptured vessels further and in this way bleeding
is stopped.

The phenomenon of coagulation involves primary
and secondary haemostasis.

Primary haemostasis: The platelet adheres to vascular
wall forming a platelet plug and the process up to this
stage is known as primary haemostasis.

Secondary haemostasis: The formation of fibrin clot by
the interaction of clotting factor aided by enzymatic
reactions is termed as definite haemostasis.
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MECHANISM OF COAGULATION OR CLOTTING
OF BLOOD
The theory that thrombin is generated by the presence

of tissue factor was consolidated by Paul Morawitz in
1905.

Paul Oskar Morawitz
1879-1936

As early as 1904 Morawitz described the basic facts
about the mechanism of blood clotting in the following
manner.

1. When blood is shed, the platelets (by coming in
contact with rough water-wettable surface),
disintegrate and liberate thromboplastin. Certain
amount of thromboplastin is also derived from
the injured damaged tissues locally.
Thromboplastin converts prothrombin into
thrombin with the help of calcium ions and
Thrombin interacts with fibrinogen forming fibrin.
This is the clot (Fig. 10.1).

Haemostasis is process of stoppage of bleeding.

2.

3.

GENERAL CHARACTERISTICS OF COAGULATION

The three main mechanisms involved in blood

coagulation are

1. Vasoconstriction of blood vessel: Whenever there
is a vascular injury there is vasoconstriction of




Blood J

Sec Il

70
Factor Xlll
Thrombin cao*
,""'F--igrinoggn" , v Forin

Fig. 10.1: Formation of fibrin clot

injured vessel as a result of contraction of the smooth
muscle in the wall of the vessel. The collagen is
exposed at the site of injury which promotes platelets
adhesion to the injury site. Platelets release
cytoplasmic granules which contain serotonin, ADP
and thromboxane A,. These contents of cytoplasmic
granules increase the effect of vasoconstriction.
Vascular spasm reduces the blood flow and blood
loss is prevented but not stopped.

2. Platelet plug formation: As platelets are exposed to

collagen; platelets release ADP (adenosine
diphosphate) and thromboxane. Thromboxane A,
and serotonin which are released from granules of
platelets enhance vascular spasm. The formation of
platelet plug is activated by a glycoprotein called von
Willebrand factor (vWF). Adenosine diphosphate
(ADP) attracts more platelets to the injured site. ADP
(adenosine diphosphate) and thromboxane cause the
surfaces of nearby platelets to become sticky and, as
‘sticky” platelets accumulate, leading to plug
formation. In the process more chemicals are released
and further more platelets adhere to injured site and
release their chemicals; creating a platelet plugs in a
positivefeedbackloop. Platelets alone are responsible
for cessation of the bleeding and this process is called
primary haemostasis.

After the platelet plug is formed then the clotting factor begins
forming a clot. The clotting factors begin to form a collagen
fibre called fibrin and further fibrin mesh is produced all around
the platelet plug; moreover red and white blood cells become
caught up in the fibrin mesh which causes the clot to become
even stronger. This step of coagulation is referred to as
secondary haemostasis. This is discussed below in the clotting
cascade mechanism.

3. Clotting: Tissue factor produced by platelets

activates intrinsic and extrinsic mechanism of blood
clotting; which further activates prothrombin
activator; which causes conversion of prothrombin
into thrombin; thrombin converts fibrinogen into
fibrin which polymerizes to form a blood clot.

Since 1940, research work has indicated that the
clotting mechanism is a complex process. In 1954,
an International Committee was established. The
committee suggested an international system of
nomenclature time to time with the appearance of
new factors (Table 10.1).

Human Physiology

Table 10.1: International nomenclature of blood coagulation

factors
Factor ~ Name
I Fibrinogen
I Prothrombin
] Tissue factor or thromboplastin
\Y Calcium
\% Proaccelerin (labile factor)
Vil Proconvertin (stable factor)
Vil Antihaemophilic factor A, antihaemophilic globulin
IX Antihaemophilic factor B, plasma thromboplastin
component, Christmas factor
X Stuart-Prower factor
Xl Plasma thromboplastin antecedent
XIl Hageman factor
Xl Fibrin stabilising factor, Laki-Lorand factor

BLOOD COAGULATION FACTORS

Factor | or Fibrinogen

1.

It is globulin in nature but has a much bigger
molecule than serum globulin. The molecular weight
is about 330,000.

. It is coagulated at about 56°C and precipitated by
one-fifth saturation with ammonium sulphate and
saturation with NaCl.

. It is distinguished from other plasma proteins by its

property of clotting, during which fibrinogen is

converted into fibrin.

Factor Il or Prothrombins

1.
2.
3.

It is protein in nature and present in normal plasma.

It has a molecular weight of about 62,700.

Itis very labile in aqueous solution and is inactivated

by acids at pH 4.8, by alkali at pH 10 and by heat at

60°C; but is stable indefinitely when dried from the
frozen state. (The pH of any fluid is the measure of
the hydrogen ion (H") concentration. The normal

blood pH ranges between 7.35 and 7.45.)

. In oxalated plasma, two forms of prothrombin are
found ‘A’ and ‘B’. The ‘A’ form is destroyed by
oxygen and is heat labile. The ‘B’ form is removable
by aluminium hydroxide. In normal plasma the two
forms remain united as calcium compound.

. When oxalate is added, calcium is removed and the
two components become separate.

. The prothrombin activity of blood is measured by
the clotting time of recalcified oxalated plasma, to
which tissue emulsion has been added.

. In human subject, the average ‘prothrombin time’ is 12
seconds. Prothrombin time will be longer in deficiency
of factor V or factor VII or Stuart factor.

. Prothrombin is manufactured in the liver. Vitamin K is

essential for the formation of prothrombin. During

clotting, prothrombin is converted into thrombin.
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Factor Ill or Thromboplastin
It is derived from two sources.

Intrinsic in the Plasma

1. Intrinsic thromboplastin is formed in the plasma due
to interaction between different plasma factors, e.g.
Hageman factor or factor XII, PTA or factor XI,
Christmas factor or factor IX, anti-haemophilic
globulin or factor VIII, calcium ions, factor V and
factor X.

2. Prothrombin is converted into thrombin with the
help of intrinsic thromboplastin in presence of
calcium ions.

3. It should be noted that blood flowing normally
through the circulatory system will not clot. But if
the surface of the blood vessel becomes rough due
to any reason, blood will clot even without the
addition of tissue extract (extrinsic thromboplastin).

Extrinsic or Tissue Thromboplastin

1. It is formed from different tissues, e.g. extracts of
brain, lungs, etc. as a result of injury. So long, it was
known that prothrombin was converted into
thrombin with the help of calcium ions and
thromboplastin liberated from damaged tissues.

2. But recently it has been found that various plasma
factors, e.g. factor VII or proconvertin, are required
for such conversion and the process is called extrinsic
thromboplastin formation.

Factor IV or Calcium

Ionic calcium is essential for blood clotting; by acting
as a cofactor in the coagulation process. It is essential
for the formation of both intrinsic and extrinsic
thromboplastins and also in the conversion of
prothrombin into thrombin.

Factor V or Labile Factor Accelerator Globulin
or Proaccelerin

This factor is necessary for the complete conversion of
prothrombin into thrombin by the extrinsic or intrinsic
thromboplastin. It is a protein, heat-labile and is
activated within half an hour at 56°C or by increasing
the pH to 10.5. It is present in plasma but is used up
during clotting.

Factor VI or Accelerin

This factor is a hypothetical activation product of
proaccelerin (factor V).

Factor VIl or Stable Factor or Proconvertin

1. This factor is present in plasma and is not used up
during clotting. It is heat-stable and can withstand
temperature up to 56°C.

2. It is a protein and remains associated with
prothrombin. It accelerates extrinsic or tissue
thromboplastin formation, being activated by extract
released from damaged tissue.

3. Its formation is retarded after administration of
Dicoumarin and in deficiency of vitamin K. During
blood clotting proconvertin is changed into convertin.

Factor VIII or Antihaemophilic Factor (AHF) or
Antihaemophilic Globulin (AHG) or Platelet
Cofactor |

1. It is adsorbed on barium sulphate and has a
molecular weight greater than 200,000.

2. This factor helps in the formation of intrinsic
thromboplastin and intrinsic prothrombin conver-
sion. Itis present in the plasma and disappears when
the blood clots.

3. Itis protein in nature and remains in close association
with fibrinogen. This factor is antihaemophilic.

4. In haemophilia (bleeder’s disease) the defect is not in
the platelets but it is due to the absence of this factor
which helps in the breakdown of platelets and
liberation of platelet cofactor I or thromboplastin
factor.

5. The deficiency of AHG resulting in classical
haemophilia in the male is transmitted as a sex-
linked recessive trait. The body fails to synthesize
this essential globulin due to the absence of the specific
enzyme which is controlled by the mutant gene.

Factor IX or Christmas Factor or Plasma
Thromboplastin Component (PTC) or Platelet
Cofactor Il

1. It is absorbed by aluminium hydroxide, is labile to
heat but is relatively stable on storage.

2. It is precipitated by 59% ammonium sulphate.

3. This factor is necessary for intrinsic thromboplastin
formation. Absence of this factor leads to a disease
stimulating haemophilia known as haemophilia C
and is transmitted as a sex-linked recessive in the
male.

4. This type of disease was first found in a patient
named Christmas and hence the name Christmas
factor. This factor is not used up during clotting.

Factor X or Stuart Factor

1. In 1959 the international nomenclature has been
given to this factor. Chemically it has many of the
properties similar to that of factor VII.

2. Its synthesis is also retarded after administration of
dicoumarin.

3. Absence of this factor leads to mild haemorrhagic
diathesis.

4. It is stable in room temperature, but destroyed
rapidly at 56°C in serum.

1l
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Factor Xl or Plasma Thromboplastin
Antecedent (PTA)

This is activated by active Hageman factor, and ultimately
leads to formation of thrombin. Deficiency of this causes
mild bleeding tendencies of haemophilioid D type and is
transmitted as a sex-linked dominant to both sexes.

Factor Xll or Hageman or Surface Factor

This is protein in nature. Inactive form is activated on
surface contact. This in turn activates the protein-
splitting enzyme kallikrein to produce plasma kinins. The
resulting effects are increased vascular permeability
and dilatation of blood vessels.

Factor XIllI or Fibrin-stabilising or Laki-Lorand
Factor (LLF)

The active form along with Ca** converts soft fibrin
clot to a solid, fibrous one. Its action also decreases the
solubility of the clot in urea solution. Persons having
congenital malformation of LLF suffer from poor wound
healing.

Fitzgerald Factor also known as High Molecular
Weight Kininogen

It is the contact factor for haemostasis. This non-
enzymatic factor in circulation forms a complex with
prekallikrein and factor XI. High molecular weight
kininogen is synthesized in the liver and it forms a
cleavage to bradykinin with aid of prekallikrein.
Bradykinin has vasodilator effects.

Fletcher Factor also known as Prekallikrein

This factor is synthesized in the liver. In form of
complex with factor XI and high molecular weight
kininogen while in circulation. It is mainly responsible
for process of contact activation for process of
homeostasis.

Other Important Factors Participating in
Coagulation Mechanism

Thrombomodulin

The molecular weight of thrombomodulin is 78,000.
Thrombomodulin forms a cleavage with factor II, V and
VII. The binding of thrombin with thrombomodulin
activates protein C and this thrombin thrombomodulin
complex serves as anticoagulant. Thrombin as a single
entity is a procoagulant.

Protein C

1. The molecular weight of protein C is about 59,000.

2. The half life of protein C is about six hours.

3. Itinactivates factor Va and factor VIlIa; it is a vitamin
K-dependent protein which is activated by thrombo-
modulin.

Protein S

The molecular weight of protein S is 75,000. It is
synthesized by liver, platelets, osteoblast and Leydig
cells. Protein S forms a complex with protein C and
this complex inactivates factor Va and factor VIIIa.

Anti-thrombin Il

Anti-thrombin III is a protease inhibitor and inhibits
factor IXa and factor Xa.

The complex of tissue factor and factor VlIla is also
inhibited by anti-thrombin III

Tissue Factor Pathway Inhibitor

This factor is synthesized by endothelial cells of blood
vessels and it inhibits factor VIIa and factor Xa.

EXTRINSIC AND INTRINSIC MECHANISMS OF
COAGULATION OF BLOOD

Davie and Ratnoff (1965) have proposed what has been
termed a ‘waterfall sequence hypothesis’ to explain the
succession of events taking place in the coagulation of
blood. Each protein coagulation factor exists in the
plasma in an inactive (proenzyme) form and is activated
sequentially until finally thrombin is formed which then
converts fibrinogen into fibrin.

Key Points

1. The extrinsic system varies forms the intrinsic
system, by the appearance of factors derived from
outside the plasma. These extrinsic factors interact
to perform active Stuart factor (factor X).

2. From this point the intrinsic and extrinsic systems
pursue the same pathway to fibrin. Although either
the extrinsic or the intrinsic system can initiate the
formation of fibrin, yet the presence of both systems
results in the formation of an extensional mount of it.

3. The needs for contribution of many clotting factors
are involved in the coagulation process. But the
plasma protein clotting factors usually interact in pairs.
Due to this interaction each of the clotting factors is
in turn converted from an inactive form to an active
one. Since all the clotting factors are not supposed
to possess enzyme actions, yet this conversion of
enzymes from an inactive form to an active one is
initiated in the sequence of action of clotting factors.

4. The process of intrinsic and extrinsic systems has
been shown schematically in Fig. 10.2.

Intrinsic pathway

Step I: Factor XII activation: The contact of factor
XII with exposed collagen of blood vessel or with
negatively charge surface activates the intrinsic
pathway. The factors which facilitates activates factor
XII a are cofactors high molecular weight kininogen
and kallikrein.
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Fig. 10.2: Mechanism of extrinsic and intrinsic blood coagulation (Courtesy: Davie EW and Ratnoff OD)

Step 11: Factor X1 activation: The factor XIla converts
factor XI to activated form as XIa in presence of high
molecular weight kininogen.

Step III: Factor IX activation: Factor Xla converts
factor IX to activated form.

Step 1V: Factor X activation: Factor IXa activates
factor X to Xa in presence of cofactors activated factor
VIII, calcium and membrane phospholipids. (The
factor VIII forms a complex with vWEF. The
separation of factor VIII from vWF activates factor
VIII and this is promoted by Xa and thrombin.)

Extrinsic mechanism

Step I: The tissue factor tissue thromboplastin is
released from the injured tissue.

Step II: Factor VII activation: Tissue thromboplastin
converts factor VII to factor VIla which directly
activates factor IX and factor X.

Step I1I: Factor X activation: The factor VIla converts
factor X to factor Xa in presence of calcium, tissue
thromboplastin and platelet phospholipids.

. Conversion of prothrombin to thrombin: The
activated factor Xa converts prothrombin to
thrombin in presence of activated factor Va, platelet
phospholipid and calcium.

Role of thrombin, phospholipid and protein in blood
coagulation
Role of thrombin (Flowchart 10.1)

1. Thrombin is a homogeneous glycoprotein of
molecular weight 40,000 acting as a proteinase.

2. During the process of coagulation the complex
of factor Va and Xa formed on phospholipid or
platelet membrane converts prothrombin into
thrombin in presence of calcium.

3. Italso activates platelets and factor V, VIII and XI.

4. Tt activates protein C pathways and by releasing
plasminogen activator promotes fibrinolysis.

Role of phospholipid: Phospholipid kephalin (cephalin)
helps in the formation of prothrombinase. In the
intrinsic system it is in the platelet factor 3 and in
the extrinsic one in tissue thromboplastin.

Role of protein: Blood clotting factors, from V to XII,
are plasma proteins mostly B-globulins. A few of
them are however either o-globulin or B-globulin.
Th excess thrombin binds to thrombomodulin. The
resulting complex activates protein C and its cofactor
protein S. They inhibit further thrombin formation
directly—by inactivating factor 5 and indirectly by
inactivating factor 8.

Flowchart 10.1: Role of thrombin

Fibrinogen Factor Xl
lThrombin Thrombin
Fibrinopeptides + fibrin monomer
Aand B ca’
ca”

v
Active factor Xill
C a++

Soluble fibrin clot - Insoluble fibrin clot + NH,

1l
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6. Transformation of fibrinogen to fibrin: Thrombin
as an enzyme helps in conversion of fibrinogen into
fibrin by proteolysis of soluble fibrinogen and
stabilization of fibrin polymer.

a. The binding of thrombin to central domain of
fibrinogen releases fibrinopeptides which forms
fibrin monomer (soluble fibrinogen).

b. The fibrin monomers unite to form protofibrils.
These protofibrils branches and forms inter-
connected thick fibrin fibers and this process is
termed as polymerization of fibrin monomers.
Thrombin activates factor XIII in this stage.

c. The covalent cross-linking of fibrin polymers
stabilize theclot. The red blood cells and platelets
are also trapped in fibrin network.

CLOT RETRACTION

Usually blood clot retracts to about half its initial
volume within 20 to 24 hours. When blood is shed, fibrins
form a network like structure. The platelets adhere to
these fibrin networks and form knots. The main
function of platelets is clot retraction. The spicules
which are known as filopodia are formed by the
platelets. The fibrin stand gets embedded in the
filopodia. The fibrin framework then becomes twisted
and shortened, and clot retraction occurs. Calcium and
thrombin hastens clot retraction. The glycoprotein Illa
and IIb receptors are involved in clot retraction. The
clot retraction prevents thrombolysis, it blocks or seals
the damaged injured blood vessel and also facilitates
wound healing.

FIBRINOLYSIS

Clotted blood if kept sterile remains intact for several
weeks. But if it is not kept sterile the clot breaks up. In
human body the blood coagulation initiates the blood
anti-clotting mechanism by activation of protein C and
plasmin.

Thrombin and so also thrombomodulin activates
protein C into its active form. The protein C inactivates
the inhibitors of plasmin activators. This activates
plasminogen activator which converts plasminogen
into plasmin. It with help of cofactor protein S inactivates
factor Va and VIla and prevents coagulation.

Thus, fibrin breakdown in the clot which is known
as fibrinolysis is brought about by a proteolytic enzyme
in the plasma known as plasmin or fibrinolysin. The fibrin
is degraded by plasmin into fibrin degradation
products. Plasmin apart from its role in clot retraction
regulates development of neurons, controls embryo-
genesis and ovulation, activates growth factors and aids
in proliferative response of arteries in blood injury.

Normally fibrinolysis is prevented by the presence
of another substance in the blood known as antiplasmin
whichremains attached to the plasma albumin (Fig. 10.3).

Prekallikrein

Factor Xl —*

Positive
Kallikrein feedback

l loop

Plasminogen ———————— Plasmin

Fibrin ” Fibrin degradation
polymer Clot dissolution  products

D-dlimer.
Fig. 10.3: Fibrinolysis

PLASMINOGEN

Plasminogen has molecular weight of 92,000 and made
up of 791 amino acids. The cleavage by plasminogen
activators at the bond between arginine and valine at
560 and 561 positions activates plasminogen.

There are two types of endogenous plasminogen
activators:

1. Tissue plasminogen activator (t-PA): It is a
polypeptide having molecular weight of 72,000
and is made up of 527 amino acids. The tissue
plasminogen activator secretion is controlled by
histamine, bradykinin, epinephrine, acetylcholine
and gonadotrophins.

2. Urokinase and streptokinase: Urokinase, a
plasminogen activator is a glycoprotein made up
of 411 amino acids. Urokinase was originally
identified from human urine sample, but is also
found in bloodstream and the extracellular
matrix. This urokinase plasminogen activator
(u-PA) is a potent plasminogen activator. It is a
thrombolytic agent and is used for therapeutic
purpose in management of severe or massive
deep venous thrombosis, myocardial infarction,
etc. Streptokinase (SK) an enzyme secreted by
several species of streptococci binds and activates
plasminogen. The o (residues 1-150), B (residues
151-287) and vy (residues 288-414) are the three
domains to streptokinase. Plasminogen binds to
each domain but none can activate plasminogen
independently. Streptokinase is administered
intravenously immediately after the onset of a
ST elevation myocardial infarction (STEMI)
and has found to be immensely helpful in
preventing any further pathological damages to
the cardiac tissue.
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3. Theplasminogen activator inhibitors are secreted
by adipocytes, monocytes, liver and endothelial
cells. It has a rapid action for inhibiting tissue
plasminogen activator and urokinase plasminogen
activator.

NATURAL INHIBITORS OF COAGULATION

To maintain blood in a fluid state in the normal
condition, retarding influences coexist with positive
coagulation inducing factors in the circulating blood.
Some of the ingrained safeguards against intravascular
clotting are: (a) The relative slowness of thrombin
production, (b) the unbroken continuity of the vascular
endothelium and (c) removal of clotting intermediates
by the RE cells. Besides these, other definite inhibitors
of coagulation are present.

Antithrombin Activities Remove Thrombin from
Blood

1. Antithrombin I is the thrombin-adsorbing effect of
fibrin but whether it plays a role in normal coagula-
tion is unknown.

2. Antithrombin II is a factor which acts jointly with
heparin.

3. Antithrombin III is the so-called physiological
antithrombin because it is present naturally and
inactivates thrombin progressively. Heparin is
described separately below.

4. Antithromboplastins are present in normal blood,
and one or more circulating antithromboplastins are
claimed to be present.

INTRAVASCULAR CLOTTING OR THROMBOSIS

Thrombus

It is a clot formed inside the blood vessels. Thrombus
is formed due to slowing of circulation and damage of
the vascular endothelium. Atheromatous patches occur
in blood vessels and the vascular endothelium is
damaged in some abnormal conditions. Masses of
platelets are deposited in the damaged endothelium.
Filaments of fibrin form also a network in this region.
The platelets liberate thromboplastin. The fibrin,
entangled in the lamellae of platelets, forms the
thrombus or clot. Intravascular thrombosis sometimes
occurs in coronary and cerebral vessels which are called
coronary thrombosis and cerebral thrombosis
respectively. After surgical operations, etc. thrombosis
may occur in big veins.

HEPARIN AS AN ANTICOAGULANT

Atfirst it was isolated from liver by McLean in Howell’s
laboratory, hence the name. Subsequently, it has been
extracted from many tissues in the body.

Characteristics

1. It is anticoagulant, in vivo and in vitro.

2. One unit of heparin is defined as the quantity of
material which will prevent the clotting of 1 ml of
cat's blood for 24 hours when kept in cold.

3. Chemically it is mucoitin polysulphuricacid. Mucoitin
is a polysaccharide, composed of glucosamine,
glucuronic acid and esterified sulphuric acid forming
an ester with molecular weight of about 17,000.

4. It has been shown that any substance with a high
molecular weight, and being composed of poly-
saccharides and several SO, groups, can act as an
anticoagulant. Hirudin, found in cervical glands of
the common medicinal leech (Hirudo), is a com-
pound of this nature.

5. Heparin isnormally secreted by the mast cells. These
cells are found in blood to about 1%. They remain
scattered throughout the reticuloendothelial system
and found abundantly along the course of many
blood vessels, such as those of liver. Sometimes they
replace the intima of the blood vessels. These cells
are found to contain granules which are supposed
to be the precursors of heparin.

6. It is doubtful whether heparin is present in normal
blood in any appreciable amount and as such it
probably takes no part in preventing intravascular
clotting normally.

7. Heparin helps to maintain the normal fluidity of the
blood within the vascular bed.

It inhibits the transformation of prothrombin to
thrombin when accompanied by a plasma cofactor
albumin X and neutralises the action of thrombin on
fibrinogen.

FACTORS PREVENTING COAGULATION

1. By lowering temperature, coagulation can be
prevented.

2. By avoiding contact with water-wettable surface and
injured tissues. This prevents thrombokinase action.
When blood is collected in a tube-coated with
paraffin, the surface not being water-wettable, the
platelets will not break down and coagulation will
not take place.

3. Removal of calcium ions: (a) By precipitation: This
is the commonest practice in clinical laboratories.
This is done by adding citrates or oxalates of Na or
K. Sodium fluoride (0.3% solution) is also used,
(b) by formation of a complex compound. The
substances used are di- and trisodium citrate and
ethylenediaminetetra acetic acid (EDTA).

4. Precipitation of fibrinogen: By adding various salt
solutions in adequate amounts. When blood is mixed
with one quarter of its volume of magnesium
sulphate or with an equal volume of half saturated
sodium sulphate solution, clotting is prevented.
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5. By the addition of substances of biological origin:
a. Protamines: Simple proteins found in some fish.
b. Peptone: When it is injected into the veins, the

coagulability of blood is reduced (but peptone
does not prevent the coagulation of a sample of
blood in vitro). Extracts of cray fish and nussels
act in somewhat similar manner. They act by
increasing secretion of heparin by the mast cells.

c. Heparin: Mucoitin-polysulphuric acid produced
by mast cells.

d. Hirudin (leech extract) and the venom of certain
snake. Heparin, hirudin and venom inhibit
coagulation of blood by inhibiting activation of
prothrombin and thrombin fibrinogen reaction.

e. Cysteine: Same as heparin and hirudin.

f. Dicoumarin or dicoumarol: It is chemically related
to thenaphthoquinone derivative. It is antagonist
to vitamin K. It inhibits the synthesis of
prothrombin in the liver by preventing the action
of vitamin K. Dicoumarol lowers the plasma
prothrombin level and depresses the activity of
factor VIL

g. Phenindione: Action similar to that of dicoumarol.
Its action is quick and depresses the activity of
factor VII more than prothrombin.

h. By adding azo dyes and synthetic products: Chicago
blue, trypanred, trypan blue act as anticoagulants
both in vivo and in vitro.

FACTORS HASTENING COAGULATION

1. Warmth.

2. Contact with water-wettable surface and contact
with rough surface.

3. Additions of foreign bodies into a sample of blood
(vide ‘defibrinated blood*).

4. Addition of thrombin.

5. Addition of thromboplastin.

6. Vitamin K injection or oral administration in high
doses increases the prothrombin content of blood
and increases the coagulability.

7. Addition of calcium chloride, both in vivo and in
vitro.

8. Adrenaline injection produces constriction of blood
vessels and helps in haemostatis mechanism.

Lipid and Coagulation

Recently a good number of evidences has been put
forward to suggest that elevation of both neutral and
phospholipid concentration of blood leads to
aggregation of fibrin deposit, possibly due to
retardation of the fibrin-dissolving system. This leads
to augmentation in thrombus formation, and might
result in increased incidence of thrombosis and
atherosclerosis. Saturated fats are more agile in
decreasing clotting time than unsaturated ones.

Normal Coagulation Time

Measured according to the method of Lee and White,
it is 6 to 17 minutes in glass tube and 19 to 60 minutes
in siliconised tube.

METHODS OF DETERMINATION OF
COAGULATION OF BLOOD

1. Capillary glass tube method: This method is usually
adopted as a bed side procedure. The finger is
pricked and the blood is made to flow into a capillary
glass tube about 15 cm (6 inches) long. A small bit of
the glass tube is carefully broken off every fifteen
seconds until a fine thread of clotted blood appears
while the tube is being broken. The period between
the appearance of blood in the finger and the
formation of this thread is taken as the coagulation
time. The average time, by this method, is 3-4
minutes.

2. Wright's coagulometer: The principle is same as
above. Blood is allowed to flow into a dozen
capillary tubes of equal calibre. The tubes are
sealed on both sides and placed in water bath at
37°C. After 4 minutes, the first tube (the tube which
was first filled with blood) is removed from the
water bath, the ends are broken and the blood
inside is expelled into water. The same procedure
is repeated with all the other tubes at intervals of
30 seconds. When the blood expelled from a
particular tube has the form of a worm-like clot,
the end point is reached.

3. Lee and White method: 1 ml of blood is drawn from
a vein by a dry syringe and placed in two clean test
tubes, 8 mm in diameter. The tubes are closed by a
rubber cork. At 5 minutes after withdrawal of the
blood in the manner described, the first tube is gently
tilted 45 degrees at one minute intervals until it can
be inverted 180 degrees without blood flowing. This
time is recorded and the same procedure is repeated
with the second tube. As handling favors coagu-
lation, the time for the second tube is taken as the
true coagulation time since it was tilted less than first
tube.

Bleeding Time

Normal average is 3.25 minutes, the range being 2-5
minutes. It is usually determined by Duke’s method.
The lobule of the ear is punctured and the time is noted.
The blood oozing out is mopped up with a piece of
filter paper every half a minute until bleeding stops.
This indicates the end point.

Prothrombin Time (Quick)

An approximate prothrombin time is generally 11 to
16 seconds.
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Key Points

1.

When tissue extract (thromboplastin) and calcium
chloride are mixed (added) in an optimum amount
to blood of normal fibrinogen content, the only factor
whichhasan inadequate concentration of prothrombin,
can vary the coagulation time.

. If the prothrombin is diminished; the coagulation

time increases.

. This test is a quantitative one for prothrombin in

blood based on the coagulation time of oxalated
blood plasma in the presence of tissue extract
(thromboplastin) and calcium chloride.

. In each laboratory a curve of prothrombin concen-

tration in the blood to the prothrombin time is
usually drawn for the evaluation of the prothrombin
time.

. The only precaution is that blood removed from the

patient is immediately oxalated so that none of the
prothrombin can be converted into thrombin.

Method

1.

2.

In a test-tube 0.2 ml of commercial thromboplastin
containing calcium is kept at 37°C.

After 30 seconds, 0.1 ml plasma is quickly added
from a pipette, and a stopwatch is started simulta-
neously.

. The tube is kept in the water bath and is shaken

constantly but gently for 10 seconds. Then in bright
direct illumination the tube is tilted continually from
vertical to almost horizontal position once per second
until a gel appears. This is the end point.

. A value of 11 to 16 seconds is satisfactory, but the

test should always be performed in duplicate.
Applied Physiology

COAGULATION DISORDERS

1.

von Willebrand disease: The deficiency in the
formation of quality or quantity of von Willebrand
factor (vWF) leads to this disease. The von
Willebrand factor (vWF) is required for platelet
adhesion. The three forms of von Willebrand factor
(vWF)/disease are hereditary, acquired, and pseudo
or platelet type. The types of hereditary von
Willebrand factor (vWF)/disease are: vVWD type 1,
vWD type 2, and vWD type 3. The platelet type of
von Willebrand factor (vVWF)/disease is also an
inherited condition.

The characteristic features of this disease are
varying degrees of bleeding tendency, such as easy
bruising, bleeding gums and nosebleeds. The vWF
gene is located on the short arm p of chromosome
12 (12p13.2). The types 1 and 2 are inherited as
autosomal dominant, type 3 is inherited as autosomal
recessive. Desmopressin is used in management of
this disease as it stimulates the release of vVWF from

the Weibel-Palade bodies of endothelial cells, and
increases levels of vVWF nearly upto five-fold.

2. Lack of fibrinogen or factor I: Afibrinogenaemia or

fibrinogenopenia is a rare congenital disease due to
lack of fibrinogen. Sometimes it is found during
abnormal pregnancy.

3. Due to diminution of prothrombin or factor II:

Vitamin K helps in the formation of prothrombin in
the liver. Vitamin K is a naphthoquinone derivative.
It is absorbed from the small intestine in the presence
of bilesalts. In the liver it helps in the synthesis of pro-
thrombin and factor VII or stable factor or proconvertin.
In the liver disease, e.g. cirrhosis of liver, malignant
disease of theliver, etc. there is diminution of synthesis
of prothrombin in the liver. In obstructive jaundice
due to absence of bile salts, vitamin K is not absorbed.
Due to lack of vitamin K, synthesis of prothrombin
and factor VII is decreased. Prothrombin time is
prolonged and haemorrhages often occur.

4. Due to lack of anti-haemophilic globulin (AHG) or

factor VIII—haemophilia: It is a disease which
occurs in males but is transmitted through females.
The coagulation time is abnormally prolonged. There
is a tendency to bleed severely after trivial injuries.
The knee or elbow joint may be distended with blood.
The platelet count remains normal. There is lack of
factor VIII or anti-haemophilic globulin (AHG). Blood
transfusion temporarily supplies AHG and stops
bleeding. Sometimes it has been observed that if
blood taken from two subjects is mixed together,
coagulation time is normal although the coagulation
time of each individual subject has got prolonged
coagulation time. From this it has been assumed that
there are two types of hemophilic subjects, one
lacking in AHG and another lacking factor IX or
Christmas factor or PTC.

5. Due to diminution of factors V, VII and IX—pseudo-

haemophilia: In this disease there is congenital
deficiency of factors V, VII and IX. The hemorrhagic
condition stimulates haemophilia.

Haemophilia A is due to factor 8 deficiency, haemophilia B is
due to factor 9 deficiency and haemophilia C is due to factor
11 deficiency. The genes encoding for the factors 8 and 9 are
on the X chromosome. Factors 8 and 9 can be extracted from
donated blood. Recombinant factor 8 and recombinant factor
9 made by genetic engineering are immensely useful in
management of haemophilia. The von Willebrand disease is
most common type of bleeding disorder and a mutant version
of the factor eliminates its protective effect on factor 8.

6. Disseminated intravascular coagulation (DIC) is a

pathological condition in which there is widespread
activation of the clotting cascade and this leads to
formation of blood clots in the small blood vessels.
The blood supply is compromised further leading
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to multiple organ damage. The consumption of
clotting factors and platelet in the process of
coagulation the normal clotting is disturbed which
may lead to severe bleeding from various locations.

The common causes of DIC are
1. Septicaemia
2. Massive tissue injury in cases of severe trauma,
burns, rhabdomyolysis, extensive surgery
3. Snakebite
4. As a complication of mismatched blood trans-
fusion
5. Giant haemangiomas (Kasabach-Merritt synd-
rome)
6. Large aortic aneurysms
7. Secondary to obstetric complications such as
abruptio placentae, pre-eclampsia or eclampsia,
septic abortion, postpartum haemorrhage, etc.
8. Fungemia

Treatment of DIC is focused towards treating the
underlying condition. Infusion therapy of platelets
or fresh frozen plasma in cases of significantbleeding.
Cryoprecipitate is administered in patients having a
low fibrinogen level.

. Thrombocytopenia: It is a condition of lowered

platelet count leading to mild to serious bleeding.

The normal platelet count is 150,000 to 450,000
platelets per microliter of blood. The risk for serious
bleeding occurs when platelet count becomes low
as 10,000 or 20,000 platelets per microliter. Mild
bleeding sometimes occurs when the platelet count
is less than 50,000 platelets per microliter.

EXAM-ORIENTED QUESTIONS
Essay

1. Describe the intrinsic and extrinsic mechanisms of
coagulation. Add note on fibrinolysis.

2. Define haemostasis. Enlist the clotting factors. Discuss the
various stages of coagulation.

Short Notes

1. Clot resolution

2. Fibrinolysis

3. Heparin and its functions
4. Factors preventing coagulation
5. Factors hastening coagulation
6. Bleeding disorders
7. Hemophilia

8. Antithrombin 11l
9. Protein C

0. Methods of determination of coagulation time
1. Methods of determination of bleeding time
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Functions of Bone Marrow

BONE MARROW

The terms ‘bone marrow’ and ‘myeloid tissue’ are often
used synonymously. Myelos meaning marrow is
confined in the cavities of the bone in the postnatal
life.

Bone marrow is the cellulovascular tissue occupying
the medullary cavities and the cancellous spaces of the
bone.

Key Points

1. Active marrow in the adult is estimated at from 3.5-
6% of body weight. The volume of the marrow is
70 ml at birth and about 4000 ml in the adult.

. In the adult only about half the marrow is in active
state, known as red bone marrow, the remainder
being inactive—yellow bone marrow.

. Though the yellow bone marrow is inactive, yet it
has the capacity of resuming its activity to produce
blood cells during urgent need. Under such condition
a certain portion of the yellow bone marrow is
converted into the red bone marrow. Although only
half the marrow is active in the adult, yet it has
enormous functional capacity and considerable room
for expansion.

Red Bone Marrow

Red cells are actively manufactured here, hence the
colour. In foetal stage most of the bones contain red
bone marrrow. But with the advancement of age and
in postnatal life the red bone marrow is only located in
the upper ends of humerus and femur, the bones of
skull and thorax, the vertebrae and the innominate
bones of the pelvis.

Yellow Bone Marrow

Itis made up of fat and a little reticular tissue with blood
vessels. Here, red cells are not manufactured. In the
adult life they occupy the spaces where red marrow is
absent.
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Formation of Bone Marrow

1. From birth up to the fourth year all the bones contain

red bone marrow.

By seven years the marrow becomes less active and is

pale red in color.

. Between ten to fourteen years a patch of yellow bone
marrow appears in the distal ends of the shafts of
the long bones and gradually extends on both sides.

. At the age of twenty, entire red bone marrow of the
long bones is replaced by yellow bone marrow except
the upper ends of femur and humerus. Throughout
adult life this distribution persists.

. As ageadvances yellow bone marrow proportionally
increases.

. By seventy years more than half the ribs and half of
sternum contains yellow bone marrow.

2.

VASCULAR ARRANGEMENT IN THE
BONE MARROW

The nutrient artery breaks up into smaller branches
which widens out and becomes blood sinuses. These
sinuses are lined by single layer of endothelium, the
cells of which divide and give rise to red cells. These
sinuses, where active erythrogenesis is going on, remain
collapsed, thus creating the anoxic condition favourable
for red cell formation. When the red cells are sufficiently
mature, these collapsed sinuses open up, blood stream
enters and the newly born cells are washed away into
the circulation. There is some evidence that marrow
activity depends to some extent upon the sympathetic
system. Turnbull (1936) and later Gilmour (1942)
demonstrated that erythropoiesis is also extravascular.

METHOD OF EXAMINING BONE MARROW

In animals, the bone is taken out and the marrow is
collected after breaking the bone. A smear is prepared
in the same way as drawing a blood film on a glass
slide. In the human beings the sternum is punctured
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with a special needle, the marrow is drawn out and the
slides are prepared just like blood smears.

Staining
a. For staining the smear, Jenner’s stain or Leishman’s
stain may be used in the same way as in staining

blood film. For staining the reticulocytes cresyl blue
should be used.

b. Vital staining of the living cells of the bone marrow
can be carried out by injecting suitable preparation
of Janus green and neutral red in the circulation of
living animal.

It is to be noted that in the circulation the average
ratio between white and red cells is 1:700. In other
words, the red cells are much more in proportion to
the white cells. But in the red bone marrow, the relation
is reversed. Myeloid cells are more in number than the
erythroid cells. The proportion between the cells of the
myeloid series and the erythroid series varies from 8:1
to 2:1. This reversed relation is due to the fact that the
life of the white cells is much shorter in the circulation
than that of the red cells.

Consequently, the white cells should be more
speedily manufactured than the red cells. Due to this
reason, myeloid cell count is much higher than the
erythroid cells in the bone marrow. The red bone
marrow also contains giant cells known as megakaryo-
cytes having a diameter of about 40 microns. Each cell
contains a ring of lobed nuclei. From these megakaryo-
cytes, platelets are formed.

FUNCTIONS OF BONE MARROW

1. Haematopoietic (haemopoietic) function (production
and release of blood cells): Production of myeloid
elements is the important function of bone marrow.
It has been described that red bone marrow is active
and has the capacity of forming red cells as well as
other blood cells. In the embryo and even in the new-
born, only red bone marrow is formed, but in the
adult stage nearly 50% of the red bone marrow is
converted into yellow bone marrow. This ratio is not
constant and is changed with the advancement of
age and also with the degree of the need of
haemopoietic elements. All the blood cells like
erythrocytes, granulocytes, platelets, monocytes and
lymphocytes are formed in the red bone marrow. It
has been studied that the marrow contains about 5.6
x 10° erythroid precursors per kg body wt and 11.4
x 10? neutrophilic precursors per kg body wt
Mechanism by which the blood cells are released in
the blood are not clear. Under certain urgent need
and in case of anaemia, mature and even immature
cells may be released in the circulation.

2. Erythroplasia or destruction of RBC: In the bone
marrow not only the blood cells are formed but also
the abnormal, imperfect, damaged and aged RBC is

destroyed. These cells are sequestered or trapped and
phagocytised in the macrophages of the bone
marrow. Iron portion is stored as haemosiderin and
ferritin in the liver, spleen, RE cells and bone marrow
and the rest of heam is ultimately converted into the
bile pigments.

3. Storage functions: Bone marrow is an important site
for storage of iron in the form of ferritin and of
haemosiderin coming from food sources as
transferrin and also from destruction of RBC through
phagocytosis. These stored irons are easily utilized
for the synthesis of haemoglobin.

4. Reticuloendothelial function: Bone marrow plays an
important role in the inactivation of toxins or other
toxic substances of the body. The free macrophages
of the bone marrow are increased during the invasion
of toxins or during rapid haemolysis.

5. Immunological function: Regarding its immuno-
logical function, the marrow is not as competent as
itis found in spleen and lymph nodules. Presence of
lymph nodules in the bone marrow has been
reported by many.

6. Osteogenic function: The cellular elements which
take part is the formation of bone are formed in the
marrow. The osteoclast, osteoblast, osteocyte,
endosteum of blood vessels are formed within the
marrow.

7. Connective tissue functions: Due to its different
connective tissue contents, the bone marrow
performs several functions associated with the
connective tissues.

Formed Elements of Blood

There are three types of cellular elements in blood, i.e.
(1) red blood corpuscles (RBC), (2) white blood
corpuscles (WBC), and (3) platelets. These three are
collectively known as ‘formed elements of blood’.

Theories of formation: There are two theories regarding
their origin are monophyletic theory and polyphyletic
theory.

1. The monophyletic theory holds that all the blood
cells are derived from a common primitive ancestor,
which is called the ‘stem cell” or haemocytoblast.

2. The polyphyletic school, in its complete form, holds
that for every variety of blood cell, there is a distinct
type of blast cell, viz. erythroblast, myeloblast,
lymphoblast, monoblast, etc.

Other theories of formation of blood cells:

3. The dualistic school believes that there are two
distinct types of primitive cells. One of them remains
in the bone marrow and gives rise to the red cells,
granulocytes and megakaryocytes, from which the
platelets develop. The other cell remains in the
lymphoid tissue from which the lymphocytes are
derived.
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. Similarly, there is a trialistic school believing in three
primitive cells. All school agree that in the early
embryo, all the blood cells are derived from a single
primitive reticuloendothelial cell.

Normoblasts with dividing nucleus

Normoblasts

Erythrocyte

Myeloplax

Myelocyte

Fat

Fat

Fig. 11.1: Human bone marrow (Ganong, 1919)
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It is generally conceded that, in postnatal life, the
development of leucocytes is completely extravascular.
The granulocytes are derived exclusively from the red
marrow; while the lymphocytes and the monocytes
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Fig. 11.2: Diagrammatic representation of genesis of erythrocyte, leucocytes and platelets
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come mainly from the spleen and lymphatic glands and
to some extent, from the bone marrow.

Precursors of Blood Cells
Stem Cells

The monophyletic theory which is accepted by
haematologist holds that all the blood cells are derived
from a common primitive ancestor, which is called the
‘stem cell” or haemocytoblast. These stem cells self
replicate and differentiate into progenitor cells.

Progenitor Cells

Myeloid progenitor cells differentiate into producing
erythroid progenitor cell lines, granulocytes monocyte
progenitor cell lines and megakaryocyte progenitor cell
lines. The erythroid progenitor forms red blood cells,
granulocytes monocyte progenitor forms white blood
cells and megakaryocyte progenitor forms platelets.

Characteristic Features of Progenitor Cells

The progenitor cells form colony forming units: BFU-
E: Burst forming unit-erythroid which forms colonies
of erythroid series, CFU-E: Colony forming unit- erythroid
which forms red blood cells; CFU-GEMM: Colony
forming unit-granulocyte, erythroid, megakaryocyte

and macrophages. These colony forming units are
called multi-potent progenitor cells; Ba-CFU: Basophil-
colony forming unit, Eo-CFU: Eosinophil-colony
forming unit, M-CFU: Monocyte- colony forming unit
and G-CFU: Granulocyte-colony forming unit.

Role of Cytokines in Haemopoiesis

The cytokines that are the colony stimulating factor
stimulates formation of various types of blood cells: G-
CSF stimulating granulocyte precursors, GM-CSF
stimulating granulocytic and monocytic precursors, M-
CSF stimulating monocyte precursors and interleukins
I II, 111, V, etc. stimulating lymphocytic precursors.

The details of genesis of erythrocyte, leucocytes and
platelets with the role of progenitor cells and cytokines;
are detailed along with the chapters of RBC, WBC and
platelets.

EXAM-ORIENTED QUESTIONS
Short Notes

1. Red bone marrow

Yellow bone marrow

Functions of bone marrow

Vascular arrangement of bone marrow
Staining and examining of bone marrow

W
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Red Blood Corpuscles
(Erythrocytes)

INTRODUCTION

The mature human erythrocyte is a circular, biconcave,
non-nucleated disc. The edges are rounded and thicker
than the centre. Hence, the central portion appears to
have alighter shade. When viewed from the side it looks
like a dumb-bell.

Features

1. In the early part of foetal life the mammalian red
cells are all nucleated. But in the later part the

nucleated cells disappear from the circulation.

. The matured red cells are soft and flexible; and can
readily squeeze through narrow capillaries.

. Inside the corpuscles there is a frame work, chiefly
composed of proteins and lipids. The meshes of
this framework remain filled up with haemo-
globin.

. Under the microscope a single red cellseems to have
a light brown or yellowish colour. But when seen in
bulk the red cells appear to be red.

. Histologically, no definite cell membrane has been
demonstrated, but still, there seems to be a delicate
outer envelope formed by the condensation of
surface molecules.

. The red blood cell membrane is composed of proteins,
phosphatides and cholesterol. The inner and outer
layers are made up of proteins and the middle layer
of lipids.

. The permeability of this membrane is highly
selective. The bigger colloidal molecules as well as
the cations (K*, Na*, etc.) are not allowed to pass.
But certain crystalloids (urea, etc.) and the anions
(CT', HCQ;, etc.) are freely permeable.

COMPOSITION OF THE RED CELLS

Each cell is composed of a colourless envelope enclosing
semiliquid material, 65% water and 35% solids of which
33% is haemoglobin bound to 2% stromal meshwork
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of protein, phospholipid, cholesterol, cholesterol esters
and neutral fat. Other organic substances, such as urea,
amino acids, creatinine, adenyl pyrophosphates
diphosphoglycerates, etc. are also present, butin very
small amounts. Of the total lipids, 60% is phospholipid
(half of this is cephalin), 30% free cholesterol and
10% fats and cholesterol esters. Of the salts in the
corpuscles, potassium phosphate is the chief (it should
be noted that the chief salt of plasma is sodium
chloride).

Normal Red Cell Count

The normal average count in adult male is taken as
5 million and in female 4.5 million per cubic
millimetre. But most observers agree that the actual
figures are a little higher, 5.4 million in males and
4.8 million in females. In infants, the count is 6 to 7
million, whereas in foetus 7.8 million. In the first
ten days of the postnatal life large number of red
cells; are destroyed (this is one cause of jaundice in
the newborn).

VARIATIONS OF RED CELL COUNT UNDER
VARIOUS PHYSIOLOGICAL CONDITIONS

1.

Diurnal variation: Variations amounting to about

5% occur in twenty-four hours. The count is lowest

during sleep, then gradually rises and becomes

maximum in the evening.

. Muscular exercise: Exercise raises the count
temporarily.

. Altitude: At higher altitude the count rises, whereas
at lower altitude (i.e. high barometric pressure) the
count falls.

. High external temperature: Increases the red cell
count.

. Any condition which lowers the oxygen tension of
arterial blood increases the red cell count.

. Injection of adrenaline and excitement increase the

count.
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Size, Volume, Thickness, etc. of Red Blood
Corpuscles

The diameter of the red cells when in the body varies
from 5.5 to 8.8 ym and about one-third of this in
thickness. But in the dried and fixed films (as done for
clinical purposes) the cells shrinks to some extent; and
has a mean diameter 7.2 pm (Fig. 12.1A and B). The
average size of the red cells can be determined from a
film preparation with the help of an instrument known
as halometer.

It can also be measured directly under the
microscope by an instrument known as micrometre.
The average thickness of a red cell is about 2.2 pm
(Fig. 12.1C), and the average volume is about 87 cubic
microns.

Abnormal Forms of Erythrocytes

1. A variation in size is known as anisocytosis.

2. Red cells that are larger than normal are macrocytes,
those smaller microcytes.

3. Deviation from normal shape is poikilocytosis.

Characteristic Features of RBC

1. The small size and the great number of the red cells
are of considerable importance. This makes the
available surface area very large and thereby
facilitates rapid exchange of gases and other
materials between the cells and the plasma. It is
estimated that the total surface area of the red cells
is about 1500 times greater than the surface area of
the whole body. The total surface area of the red cells
per litre of blood is about 600 sq metres.

2. The diameter and the volume of red cell increase
when blood tends to become acid. Hence, increased
CO, tension, anoxia, acidosis, etc. increase the
volume and diameter of the red cells. Due to these
reasons, the red cells in the venous blood are slightly
larger than those in the arterial blood. Alkalosis
produces opposite effects.

3. The absence of nucleus is of a great benefit. It gives
the red cells, their biconcave shape and also makes
room for more haemoglobin. The biconcave shape
of the red cells is also of a great advantage for many
reasons. For instance, (a) it allows considerable
alteration of the cell volume without increasing the

7.2 um

| (B
Fig. 12.1A to C: Red blood cell (erythrocyte) from a film
preparation (schematic representation)

tension on the cell membrane. The concave part
freely moves out and in as the volume increases or
diminishes and in this way, can withstand
considerable change of osmotic pressure and resist
haemolysis.

4. In the venous blood about 7.5% increase of the cell
volume occurs. This is due to the shift of the Cl ions
(vide under chloride shift) into the cells, increasing
the osmotic pressure and consequently drawing
more water into the cells. (b) It allows easy ‘folding’
of the red cell when the latter passes through
capillaries whose diameter is often narrower than
its own. (c) Due to biconcave shape the haemoglobin
remains distributed in a very thin layer. This
facilitates quick saturation or desaturation with the
gases.

DEVELOPMENT OF RED BLOOD CORPUSCLES

Theories of Origin

There are two theories; intravascular and extravascular.
Formerly, it was believed that the red cells were formed
only intravascularly from the capillary endothelium.
But Turnbull and Gilmour (1941) have shown that they
are undoubtedly produced from the extravascular
sources. They have shown that the parent cell is an
extravascular cell, known as haemocytoblast which by
active amoeboid movement burrows into the blood
sinuses, multiply there and mature into normal
erythrocytes.

The general trend of opinion seems to be in favour
of the extravascular theory now.

STAGES OF BLOOD FORMATION IN THE EMBRYO
AND FOETUS

Site of Development

In the embryo, the red cells develop from the area
vasculosa of the yolk sac.

RBC development in foetal life

1. The mesodermal cells in this area remain as a mass
of protoplasm with scattered nuclei.

2. Fluid droplets appear in it, and run together to form
channels.

3. This fluid is the primitive plasma and those cells
which line these channels become the vascular
endothelium, from which the early red cells
develop.

4. At first the cells are all nucleated. From the middle
of foetal life the nucleated cells disappear from the
peripheral circulation.

There are three successive stages of blood formation in

the embryo and foetus:

1. Mesoblastic haemopoiesis is first demonstrable in
the first two months of embryonic life. Throughout
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this period, no blood forming organ is present and
most other cells are formed outside the embryo. This
stage is markedly diminished in a human embryo of
nine weeks.

2. Hepatic haemopoiesis constitutes the second stage
and includes the splenic and thymic blood
formation. This stage occurs from the second to the
fifth month.

3. The final or myeloid period of haemopoiesis begins
approximately at the fifth month, with the
establishment of the placental circulation. At first,
the liver is chiefly occupied with erythropoiesis and
the bone marrow leucopoiesis, but the bone marrow
soon takes overall haemopoietic activity. The other
sites however retain their haemopoietic potentialities
throughout life.

4. After birth the bone marrow is the main site of
erythrogenesis. During early years all bones are filled
up with blood forming red marrow, but by twentieth
year almost all the long bones are replaced with
inactive yellow marrow and RBC formation in this
location stops. Only the upper ends of femur and
humerus contain red marrow and continue to form
red cells throughout life. In addition to this, the
vertebrae, the ribs and the flat bones produce red
cells continuously.

Erythropoiesis = Arterial O, content, tissue O, tension

The most important factor controlling the rate of red
cell production is the oxygen content of the arterial
blood, a decrease in oxygen content stimulates
erythropoiesis. The oxygen content of the blood may
fall either due to diminution of the amount of
haemoglobin content of blood or due to inadequate
oxygenation of haemoglobin. Decrease in oxygen
content in the arterial blood leads to decrease of oxygen
tension in the tissue. During haemorrhage there is fall
in circulating haemoglobin which leads to increased
production of reticulocytes. In high altitude also there
is increased red cell production.

The lowering of oxygen tension in the tissues has
got no direct stimulating effect but acts through
humoral mechanism. It is the erythrocyte-stimulating
factor or erythropoietin or haemopoietin which
stimulates erythropoiesis. Erythropoietin is a
glycoprotein of low molecular weight. It is formed in
the renal tissue probably due to the effect of
adrenocorticotropical hormone (ACTH) or some other
hormones of the anterior lobe of the pituitary.

Maturation and Multiplication

Itshould be noted that the phenomenon of development
involves two distinct processes—one is multiplication
and the other is maturation. By the latter process, the
cell becomes specialised to perform that particular work
for which it is meant.

Key Points

1. It should also be noted that, these two distinct
multiplication and maturation are antagonistic
attributes. They cannot go hand in hand in the same
proportion, which mean maturation cannot take
placewhen multiplication is actively proceeding and
multiplication will cease in the same ratio as
maturation is in progress.

2. In the case of red cells the process of maturation
involves three different changes: First, a gradual
reduction of cell size; secondly, the acquirement of
haemoglobin; and thirdly, the disappearance of the
nucleus. Of these three, again, haemoglobin
formation seems to be the most important. For this
reason it will be seen that as soon as haemoglobin
begins to appear, cell division gradually ceases.

Stages of Development (Table 12.1)

The red blood cells are formed from the burst forming
unit erythrocyte (BFU-E) and colony forming unit-
erythrocyte (CFU-E) and these are derived from the
progenitor cells. The cytokine erythropoietin stimu-
lates the erythroid series of cells. The distinguished
well defined erythroid series lineage form different
stages of erythropoiesis (Fig. 12.2) which are as
follows.

The stages are

Haemocytoblast: A big cell, 18-23 pm in diameter, with
a large nucleus and a thin rim of deep basophilic
cytoplasm (according to intravascular theory, this stage
starts with endothelial cells. They are large,
undifferentiated reticuloendothelial cells, lining the
sinusoids of bone marrow. They proliferate and give
rise to megaloblast).

Proerythroblast: 14-19 pm in diameter, basophilic
cytoplasm, large nucleus with distinct nucleoli and a
reticulum of fine chromatin threads. Haemoglobin
absent. Actively multiplies into the next form, only in
states of stress.

Table 12.1: Stages of development of erythrocytes

The stages of cells used The stages of cells used

by British school by American school
Proerythroblast Megaloblast
l l
Early normoblast Early erythroblast
l l
Intermediate normoblast Late erythroblast
l l
Late normoblast Normoblast
l l
Reticulocyte Reticulocyte
l l
Erythrocyte Erythrocyte
A B

12
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YeYe Y

Reficulocyte  Erythrocyte

Fig. 12.2: Stages of erythropoiesis

Early normoblast: Smaller in size, 11-17 pm nucleus
and chromatin are dense. Nucleoli are absent or
rudimentary. Actively divides and passes into the next
stage.

Intermediate normoblast: Size still smaller, 10-14 pm
with fewer mitochondria. Nucleus more condensed, no
nucleolus. Haemoglobin appears at this stage and
consequently the cytoplasm becomes polychromatic.
The later forms do not divide; they mature to form late
normoblasts. The process of maturation involves the
acquisition of more haemoglobin and a condensation
of the nuclear chromatin.

Late normoblast: The size is more reduced; so that it is
just a little larger (7—10 pm) than a mature red cell. The
nucleus is very dense and takes a deep stain (pyknotic),
looking like a drop of ink (ink-spot nucleus).

The amount of haemoglobin has increased. The
further maturation of the normoblast involves the
complete loss of the nucleus. There are two views;
(a) nucleus undergoes fragmentation (karyolysis).
The amount of haemoglobin increases at the expense
of the nucleus, (b) nucleus is extruded from the cell
as a whole. The factors that cause dissolution of the
nucleus are not at all understood. The normoblast,
after the loss of the nucleus, passes into the next
stage.

Reticulocyte: When stained with vital stain (such as
cresyl blue), these cells show a net-like structure
(reticulum) in the cytoplasm. From the reticular
appearance its name has been derived.

Key Points

1. In normal blood they are present to about 1%; in the
newborn baby, about 30-50%. In the first week of
life the number drops to 1%. It is from this stage that
the red cells begin to appear in the peripheral
circulation.

2. Their number increases when active regeneration
of red cells takes place, for instance during
recovery from anaemia. Under this condition even
normoblasts may be found in the peripheral
circulation.

3. Regarding the origin of the reticulum, it is held that
they are the remnants of the original basophilic
cytoplasm of the immature non-haemoglobinised red
cells.

4. Instead of using vital stains, if ordinary Leishman’s
stain is used, the reticulocytes may appear in two
other forms. They may either take a diffuse blue stain
(polychromatophilia) or may display a number of
discrete blue particles in the cytoplasm (punctate
basophilia). The latter variety is especially prominent
in cases of lead poisoning for no obvious reasons.

5. The reticulocyte matures into erythrocyte. It takes
about 7 day’s time to pass from the stage of
proerythroblast (megaloblast) to that of reticulocyte
and another two days from reticulocyte to mature
erythrocyte.

FACTORS CONTROLLING ERYTHROPOIESIS

The red cells are constantly being destroyed and are
regenerated. The rate of destruction and regeneration
are same, otherwise, a constant red cell count would
not be possible. These facts signify that some stimulus,
exactly proportional to the number of red cells
destroyed, is constantly acting upon bone marrow in
order to replace the lost cells. The exact nature of the
stimulus is not known.

Certain factors are necessary for the formation and

maturation of red cells. They are as follows:

1. Diet: Food, rich in first class proteins (or proteins of
high biological value), is important. First class
proteins supply essential amino acids for the
synthesis of globin of haemoglobin. It is also
necessary for the formation of stromaproteins and
the nucleoproteins of the red cells.

2. Anoxia and erythropoietin or erythrocyte-stimulating
factor (ESP): The stimulus becomes more effective
or is supplemented when there is low O, tension in
the tissues. When air with low oxygen tension (as in
high altitude) is breathed for some length of time,
the red cell count rises due to liberation of
erythropoietin or haemopoietin or erythrocyte-
stimulating factor (ESF). It stimulates the bone
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marrow and increases the rate and maturation of red
cell formation.

3. Stimulus for maturation: It is now generally agreed
that as the red cells mature, various factors influence
the passage of the maturing red cell from stage to
stage. Ourknowledge in this respect though far from
complete, may be briefly summarized as follows:

a. Haemocytoblast: Nothing definite is known as to
the factors that come into operation in this stage.
In certain diseases this stage fails to occur. Red
cell formation stops and the results are known
as aplastic anaemia.

b. Proerythroblast: Haematinic principle of Castle
(haemopoietic principle or PA factor) vitamin B,
(extrinsic factors) and folic acid are required for
the conversion of proerythroblast (megaloblast)
into early normoblast (erythroblast). For the
proper absorption of extrinsic factor, intrinsic
factor present in gastric mucosa is essential.

c. Early normoblast: A number of factors is influence
this process.

Metals

a. Iron: Essential for haemoglobin formation especially
for synthesis of haem. Dietary intake of iron is
required for the formation of haemoglobin.
Deficiency of iron in the diet leads to hypochromic
or iron deficiency anaemia.

b. Copper and manganese: Help in the conversion of
iron into haemoglobin by catalytic action.

c. Cobalt: Asa component of vitamin B,,. Itis of proved
value in man and lower animals. The nature of action
probably same as Mn and Cu.

d. Calcium: Helps indirectly by conserving more iron
and its subsequent assimilation.

e. Bile salts: Presence of bile salts in the intestine is
essential for the proper absorption of these metals.

Endocrine glands

a. Thyroxine is of undoubted value. Hypothyroidism
is associated with hypochromic, macrocytic
anaemia due to lowered metabolic activity in bone
marrow.

b. Adrenal cortex: Adrenocortical insufficiency is often
associated with anaemia; polycythemia might be
present in Cushing’s syndrome. The changes are
possibly due to general metabolic alterations and not
due to direct effect on bone marrow.

Vitamins: Vitamins C, B, and B, ,, folic acid, riboflavin,

pantothenic acid and nicotinic acid are all important.

Pigments

a. Bile pigments.

b. Chlorophyll and other porphyrins: Deficiency of
these factors will give rise to less haemoglobin
formation and therefore hypochromic anaemia. Their
mode of action is unknown.

c. Late normoblast: The same factors that operate in the
previous stage are also acting here. But the exact
nature of the forces that lead to the disappearance of
the nucleus is unknown.

d. Erythrocyte: The normal mature red cell.

ENERGY METABOLISM OF RBC

Mature red cells lack nucleus, DNA, RNA and mito-
chondria. These cells are not capable of synthesising
haemoglobin. Krebs’ cycle is absent. But nucleated RBC
of bone marrow can be compared with other nucleated
tissue cells of the body in respect of its metabolic
processes.

Key Points

1. Mature red cells contain no glycogen and for
metabolic processes, it has to depend upon plasma
glucose that has constant access through erythrocyte
membrane. The exact mechanism of transport of
glucose through the membrane is not clearly known.
But most of the investigators are of opinion that this
is happened mostly through active transport
mechanism.

2. AsKrebs’ cycle (TGA cycle) is absent in mature RBC
(non-nucleated), the metabolicbreakdown of glucose
takes place through (a) Embden-Meyerhof glycolytic
pathway (vide metabolism) and (b) pentose
phosphate pathway or hexose monophosphate shunt
(vide metabolism). Thus, the energy requirement of
the RBC is obtained from the above two metabolic
processes.

3. The longevity of red cells depends upon the
maintenance of these energy-producing metabolic
processes. The energy is required for the active
transport mechanisms of the RBC. During active
transport, Na is pumped out of the RBC and K is
pumped in. Besides this, structural integrity and the
transport of glucose depends upon the availability
of ATP.

RBC Lifespan and Destruction

Normal lifespan of RBC is about 120 days. In young

RBC the enzymes concerned with the metabolic

pathway of glucose breakdown are present in a large

amount. With the aging processes of the RBC, level of
certain enzymes is decreased.

* Hexokinase, which acts in the first step of glucose
metabolism, is decreased in amount during aging
process.

* Glucose-6-phosphate dehydrogenase, which
catalyses the first step of hexose monophosphate
shunt is decreased in amount considerably during
ageing.

* Other enzymes which take part in different metabolic
processes of RBC are also decreased considerably.

12
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With the alteration of glucose metabolism, the ATP
source of the RBC is decreased. Due to reduction of
available ATP, the structural integrity of the RBC is lost,
transport mechanisms are disrupted and ultimately
destruction of the cells occurs.

Span of Life

The average span of life of a mature red blood corpuscles
were formerly believed to be about 3-4 weeks. But
recent experiments (using radioactive Fe, or glycine
labelled with isotopic 15N, which enters into the
composition of haemoglobin) indicate that it is about
120 days in man.

Fate of the Red Blood Corpuscles

As the cells grow senile they change their shape and
size and become more brittle. At first the cells throw
out processes like pseudopodia and become flask-shaped.
These are called poikilocytes. These processes are
broken off and in this way the RBC disintegrates.

Degradation

1. This fragmentation takes place in the circulation and
the fragments are swallowed up by the RE cells. The
RE cells of the spleen, liver, etc. can also engulf the
senile red cells as a whole and break them down
intracellularly.

2. Haemoglobin is released and by degradation opening
of the porphyrin ring system occurs. The degraded
compound is known as verdohaemoglobin or
choleglobin where the four pyrrole nuclei form a
chain instead of a ring.

3. In the next stage it is broken down into protein and
haem. Protein is broken down into amino acids. The
iron present in the haem is stored in the body as
ferritin and haemosiderin which help in the
formation of new haemoglobin. The rest of the haem
molecule is converted into a yellow pigment bilirubin
which is oxidised into a green pigment biliverdin or
according to some, biliverdin is first formed and
which by reduction forms bilirubin.

4. Bilirubin and biliverdin probably combines with .-
globulin and circulate in the bloodstream and enters
the liver, and in the liver cells bilirubin and biliverdin
are separated from globulin and conjugated with
uridine diphosphate glucuronate to produce bilirubin
monoglucuronide and bilirubin diglucuronide
(cholebilirubin), the uridine diphosphate is set-free.

5. These compounds enter the duodenum through the
bile duct and then into the intestine. In the large
intestine by bacterial action they are changed into
stercobilinogen (urobilinogen). Some urobilinogen is

Haemoglobin

Urobilinogen
Choleglobin ]

Liver 4

Biliverdin
Haemosiderin  Bilirulg
ferritin

e

Bilirlibin
glucuronide

Intestine

Urobilinogen

Stercobilinogen Urobilin

Stercobilin
Fig. 12.3: Fate of red blood corpuscles and haemoglobin

reabsorbed and excreted in the urine as urobilinogen.
The rest is excreted in the faeces as stercobilinogen
and stercobilin which are responsible for the brown
colour of the stool (Fig. 12.3).

Functions of Red Blood Corpuscles

1. Respiratory: Red cells carry oxygen and carbon dioxide.

2. Acid-base balance: They help to maintain acid-base
balance. It is carried out by the buffering action of
haemoglobin and other intracellular buffers.

3. Red cells maintain ion balance: By the special permea-
bility of the cell membrane, the red cells help to maintain
balance of positive and negative ions in the blood.

4. Viscosity of blood: Red cells help to maintain the
viscosity of blood.

5. Pigments: Various pigments are derived from
haemoglobin after the disintegration of thered cells,
e.g. bilirubin, biliverdin, etc.

EXAM-ORIENTED QUESTIONS

Essay
1. Describe the stages of erythropoiesis with well labelled
diagram.
2. Discuss the factors affecting erythropoiesis. Add note on
functions of RBC.

Short Notes

1. Genesis of red blood cell

2. Enlist causes for physiological variation of red blood cell
count

3. Energy metabolism of red blood cell
4. Fate of red blood cell
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Haemoglobin

INTRODUCTION

Chemistry

Haemoglobin is the red pigment of blood. It is a
chromoprotein consisting of two parts: One part (96%)
is a specific simple protein known as globin (histone)
and the other (4%) is a non-specific prosthetic group—
an iron-containing pigment called haem (Fig. 13.1A).
Haem is a protoporphyrin compound and consists
essentially of four pyrrole groups joined together. The
porphyrin molecule can combine with metals forming
metalloporphyrin compounds. Haem is a metallo-
porphyrin where the metal is iron. The iron content of
haemoglobin is about 0.34% and about 3 g iron is
present as haemoglobin in the total amount of blood
of an adult. Iron remains in ferrous (Fe**) form. Globin
helps haem to keep the iron in ferrous state and to
combine loosely and reversibly with molecular
oxygen.

Structure of Haemoglobin (Fig. 13.1B)

* The adult haemoglobin in normal individuals
contains two a-chains and two B-chains. Each
haemoglobin molecule has a haem prosthetic group
which contains an atom of iron. Each molecule of
globin consists of four polypeptide chains to each of
which is attached a molecule of haem with Fe**
capable of combining with one molecule of oxygen,
thus each haemoglobin molecule has the capacity to
carry four oxygen molecules.

e As soon as one of the molecules of haem combines
with O,, the other three molecules in the same
polypeptide complex of the globin acquires a great
affinity for O, and rapidly combines with it. This
rapid oxygenation of haemoglobin in the initial phase
of its exposure to O, is known as allosteric activation
and explains the sharp rise in the dissociation curve
in the lower range of O, tension and also the gradual
levelling off of the curve at higher range as the
haemoglobin reaches the near saturation point.
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Max Ferdinand Perutz was an
Austrian-born British molecular
biologist, who shared the Nobel
Prize for Chemistry with John
Kendrew for their studies of the
structures of haemoglobin and
myoglobin in 1962.

Max Ferdinand Perutz
1914-2002

Properties
Key Points

1. Oxygen association: The most characteristic
property of haemoglobin is the ease with which it
combines with oxygen and dissociates from it. 100 ml
of water will absorb one-third of oxygen at body
temperature under atmospheric pressure. But 100 ml
of blood, under the same condition, will take up 20 ml
of oxygen (60 times), due to the presence of
haemoglobin (about 1,200 ml of oxygen can be
carried by the total amount of blood inan adult man).
One gram of haemoglobin combines at normal
(standard) temperature pressure (NTP) with 1.34 m1
of oxygen. This corresponds to two atoms of oxygen
for each atom of iron. The compound oxyhaemo-
globin gives off its full oxygen content when placed
in vacuum.

2. Oxyhaemoglobin holds its oxygen loosely which can
be easily displaced by many other gases forming
more stable compounds, e.g. CO, NO, H,S will form
carboxyhaemoglobin (carbon monoxyhaemoglobin),
nitric oxide haemoglobin, sulphaemoglobin respec-
tively.

3. The globin part of haemoglobin directly combines
with CO, and forms carbaminocompounds.

4. Crystallisation: Haemoglobin can be easily
crystallised. The form of the crystals, their solubility
and the ease of crystallisation are characteristic of
the species from which haemoglobin is obtained.
Most bloods, including human blood, form rhombic
prisms or needles. Haemoglobins of different species
are said to be immunologically distinct. The
distinction lies in the globin part of the molecule and
not in the haem part. It is known that the amino acid
composition of the various globins (derived from
haemoglobin of differentspecies) varies considerably
specially in respect to their cystine content.

5. The haemoglobin of different species also shows
different affinity for oxygen.

6. Isoelectric pH of haemoglobin (reduced Hb) is 6.8,
that of oxyhaemoglobin is 6.6.

Spectroscopic appearance: Haemoglobin (reduced Hb)
gives one broadband between the Fraunhofer’s lines D
and E (corresponding to the wavelength of ¥559). That

of oxyhaemoglobin consists of two bands between D
and E. Theband nearer Dis called a-band (corresponding
to the wavelength of ¥579). The band nearer E is broader
and is called the B-band (with a corresponding wave-
length of Y542).

HAEMOGLOBIN VARIETIES

In man probably there are at least two varieties of
haemoglobin, the foetal haemoglobin (HbF) and the
adult haemoglobin (HbA). Foetal haemoglobin differs
chemically and spectroscopically from the adult
haemoglobin. It has a greater affinity for oxygen and
releases CO, more readily. This is due to some
difference in the globin fraction. This property helps to
compensate the relative anoxia of foetal blood. At low
O, pressure foetal haemoglobin can take up larger
volumes of O, than adult haemoglobin.

Advantage of foetal haemoglobin: It is 70% saturated at
20 mm of O,, pressure whereas adult haemoglobin is only
20% saturated at this pressure. A small quantity of foetal
haemoglobin persists for some weeks or months after birth.

Thus, to summarize the well known varieties of
normal human which include Hb are Hb A1 (two a-chains
and two B-chains), HbA, (two a-chains and two &-
chains), HbF (two oa-chains and two 7y-chains),
embryonic Hb (two zeta [{, €] and two epsilon chains,
HbA1C (glycosylated Hb), etc.

The Form in which Haemoglobin Exists in Cells

The actual state in which haemoglobin exists in the red
cells is not yet fully understood. The quantity of
haemoglobin in the red cells is too great for it to be in
simple solution and it is also known that it is not present
in crystalline form. From these observations it has been
suggested that haemoglobin remains in some combined
form. Itis believed that haemoglobin remains absorbed
to the lipid material of the stroma and the envelope of
red cells. In certain lower invertebrates, haemoglobin
remains free in the plasma. Its inclusion in the red cells
has taken place gradually in the course of evolution.

CAUSES OF INCLUSION OF THE HAEMOGLOBIN
IN RED CELLS

Though haemoglobin is protein having its molecular
weight 68,000 yet it passes through the endothelial
lining of the blood vascular system as well as through
the normal glomerular membrane.

Haemoglobinuria is the condition when free haemoglobin

is excreted through the urine. If Hb is free in the plasma

then it is excreted through the urine. In plasma, Hb is

present normally bound to protein at a concentration

of about 5 mg/100 ml of whole blood.

* In plasma Hb remains normally as haemoglobin-
heptoglobin complex which cannot pass through the
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urine. Under normal condition about 100 to 150 mg
of free Hb is released from red cells due to
haemolysis. Hb can be bound as haemoglobin-
heptoglobin complex by the heptoglobin present in
the plasma. If released Hb exceeds the capacity of
the heptoglobin to bind the haemoglobin, then it is
excreted through the urine.

* The free Hb passes readily through the glomerulus
and of which certain amount is reabsorbed and rest
is excreted through the urine. During reabsorption
of Hb through the tubular epithelium certain amount
of it, is converted into haemosiderin and excreted in
the urine. So plasma Hb concentration is always
associated with haemosiderinuria though the
condition of haemoglobinuria may or may not be
happened. Thus, if the Hb was not enclosed by the
cell membrane of erythrocytes then this Hb would
have been passed quickly through glomerular
membrane and excreted through the urine. Because
RBC cannot pass through the glomerular membrane
in normal condition.

Haemoglobinuria may be caused under the following conditions
1. In strenuous exercise.
2. Due to mismatched blood transfusion.

3. Black water fever due to virulent type of malaria and red
water fever due to another type of parasite which invades
the erythrocyte causing release of Hb in the plasma.

. Paroxysmal nocturnal haemoglobinuria
. Hypotonicity of plasma

. Thermal or chemical injuries

. Paroxysmal cold haemoglobinuria

N O G b

In transport of CO, from the tissues to the lungs the
erythrocyte with its haemoglobin plays an important
part, because the enzyme carbonic anhydrase is present
within the erythrocyte. If haemoglobin instead of
staying within the corpuscles, remains free in the
plasma (as occurs in haemolysis); many injurious effects
will be produced. The degree of the deleterious effects
will depend upon the number of red cells haemolysed
and the rapidity of haemolysis. Briefly the following ill
effects will be produced:

1. Viscosity of blood will rise.

2. The colloidal osmotic pressure, normally about
30, will rise to 100 mm of Hg or more. This will
seriously disturb interchange of various
substances in the capillary area and will also
disturb the formation of urine.

3. Loss of haemoglobin will reduce the amount of
blood buffers and will cause acidosis. This is all
the more enhanced by the disintegration of red
cells, the loss of available surface area of the
erythrocytes, which plays a considerable role in
maintaining the acid-base balance and the ion
balance in blood.

4. Loss of haemoglobin will reduce the oxygen-
carrying capacity of blood, thus producing
anoxia and acidosis.

5. Bile pigments will be produced in larger amounts
by the RE cells from the released haemoglobin
and in this way additional pressure will be put
upon the liver to deal with them.

6. While being excreted through kidneys, haemo-
globin will be precipitated in the acid urine and
in this way the kidney tubules will be blocked.
This will cause serious disturbance of the kidney
function. As a delayed result, hypochromic
anaemia will be produced.

SYNTHESIS OF HAEMOGLOBIN

Haemoglobin is synthesised inside the red cells in the
bone marrow. A number of factors is necessary for the
synthesis of haemoglobin. They are as follows:

1. First class proteins (or proteins of high biological
value): It is necessary for the synthesis of the globin
part of haemoglobin. Certain individual amino acids,
such as histidine, phenyl alanine, leucine, etc. have
been found to possess a special stimulating action
on haemoglobin formation. A diet containing kidney,
spleen, heart and certain fruits are very helpful. Four
kinds of globin peptide chains—ao, B, y and & have
been isolated. Human haemoglobin contains two o
and two B-chains. The haem portions are attached
to the o- and B-chains.

2. Metals

e [ron: It is an essential constituent of haemoglobin.
Daily intake of 12 mg is adequate.

* Copper, manganese and cobalt: These metals,
particularly copper, help in the incorporation of
iron in the protoporphyrin molecules for the
formation of metalloporphyrin. The ratio between
Cu:Fe in the daily diet should be 1:100. Cobalt has
a definite value as a constituent of vitamin B,,.
They act as catalytic agents.

3. Endocrine: Of the endocrines, only thyroxine is of
proved value.

4. Vitamins: Vitamins C and B, are definitely helpful
in this respect. It is also believed that folic acid,
riboflavin, nicotinic acid, pantothenic acid and
pyridoxine also play some parts in the formation of
haemoglobin.

5. Porphyrins: Of the two types of porphyrins, I and
III that are found in nature, the latter is utilised for
haemoglobin formation. Studies with radioactive
carbon show that protoporphyrin III, required for
this purpose, is synthesised in the animal body from
simpler substances like glycine, acetic acid, aceto-
acetic acid, succinic acid or any amino acid that can
give rise to the formation of succinic acid during
metabolism or through tricarboxylic acid cycle.
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* Glycine and succinate help in the synthesis of
protoporphyrin.

* Aminolevulinic acid (ALA) is formed by the
interaction of succinate and glycine. Two mole-
cules of aminolevulinic acid after condensation
forms porphobilinogen (PBG).

¢ From porphobilinogen ultimately uroporphyrino-
gen III formed. On decarboxylation, the uropor-
phyrinogen Ill is converted into coproporphyrinogen
III and which on oxidation ultimately gives rise
to protoporphyrin IIL

* Protoporphyrin III in presence of globin and Fe**
is converted into haemoglobin. The steps involved
in the synthesis of Hb (Hgb) can be presented
schematically in Fig. 13.2.

AMOUNT OF HAEMOGLOBIN IN NORMAL
BLOOD

The average adult figure, irrespective of sex is 14.5 g%.
Different observers give different figures for
haemoglobin. For instance: Sahli: 17.3%, Haldane-
14.8%, Gower: 15%, and Hellige: 14% (the best method
of expressing the amount of haemoglobin in blood is
to mention it in absolute figure, viz. as so many grams
in 100 ml of blood. If it is expressed in percentage, the
scale used should be mentioned).

METHODS OF ESTIMATION OF HAEMOGLOBIN

1. Tallqvist’s method: A drop of blood from the
patient’s finger is soaked in a piece of filter paper
and compared against a standard colour scale, before

Human Physiology

the blood on the filter paper dries up. This method
does not give accurate results.

. Haldane’s haemoglobinometer (Haldane’s modifi-

cation of Gower’s method): The instrument consists
of two tubes, one of which contains 20 cu mm of
blood haemolysed with distilled water and saturated
with CO gas. The colour of this tube is used as
standard. In the other tube a little distilled water is
taken and 20 cu mm of patient’sblood, collected from
the finger tip by a special pipette, is added. When
blood becomes fully haemolysed, it is saturated with
CO by passing coal gas through it. The colour
developed is compared against that of the standard.
If the colour of the unknown is stronger, it is diluted
with distilled water until the tinge is same in both.
The graduation up to which the blood has been
diluted gives the percentage haemoglobin.

. Gower’s haemoglobinometer: Here, the standard

used is a solution of picrocarmine gelatin. Otherwise
the method is same as Haldane. The disadvantage
of this method is that the colour of the standard
gradually fades away.

. Sahli’s method: Here, instead of distilled water (N/

10) HCl is used. This converts haemoglobin into acid
haematin. The colour developed is matched against
that of standard and the result is obtained as in
Haldane’s method.

. Von Fleischl’s haemometer: Here, the standard used

consists of a set of coloured glasses.

. Colorimetric method: Here, the comparison is done

with the help of a colorimeter.

. For very accurate work the method of Van Slyke and

Stadie should be used. In this method iron of
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Fig. 13.2: Synthesis of haemoglobin
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haemoglobin is estimated and from that the
corresponding amount of haemoglobin is calculated.
The photoelectric methods of Haliday, Kerridge and
Smith (1935) may be adopted.

8. Spectrophotometric method: It is the modern method
and is based as the measurement of absorption of
light at certain wavelengths of cyanmethaemoglobin
formed by treating the haemoglobin with ferricyanide
and then with KCN.

VARIATIONS OF HB UNDER DIFFERENT
PHYSIOLOGICAL CONDITIONS

1. Age: In the foetus, the concentration is highest. At
birth, the average concentration is about 23 g per
100 ml. By the end of third month it falls below
normal, probably, because of deficiency of iron in
milk. After this gradual recovery takes place and at
the end of the first year, the average amount is 12.5 g.
Then it rises gradually up to normal figures.

2. Sex: In females, the amount of haemoglobin is
slightly lower than in males. In adult females, the
average is 13.7%, in adult males the average is 15.8%.

3. Diurnal variation: Variation of at least 10% occurs
throughout the day. In the morning it is lowest; in
the evening it is highest.

4. Altitude: Athigher altitudehaemoglobin percentage
rises.

5. Exercise, excitement, adrenaline injection, etc. increase
the amount of haemoglobin.

6. It should be noted from the above that normal
variation of haemoglobin is mostly due to alteration
of number of red cells and not due to any change in
the absolute quantity of haemoglobin in each cell.
Anything that alters the red cell count will alter the
percentage of Hb proportionally.

Functions of haemoglobin

1. It is essential for oxygen carriage.

2. It plays an important part in CO, transport.

3. It constitutes one of the important buffers of blood and helps
to maintain its acid-base balance.

4. Various pigments of bile, stool, urine, etc. are formed from
it.

Derivatives of Haemoglobin
Compound

Oxyhaemoglobin: It is a compound of haemoglobin
with oxygen. Iron remains in the ferrous (Fe**) state in
haemoglobin. It is not a stable compound. Oxygen may
be removed when the blood is exposed to a vacuum. It
has got two absorption bands between D and E.

Methaemoglobin: It is also acompound of haemoglobin
with oxygen. It can be produced after treating the blood
with potassium ferricyanide. It is chocolate-brown in

colour. It is a stable compound. Oxygen cannot be
removed by exposing the blood to a vacuum. Iron
remains in the ferric (Fe***) state. It has got one
absorption bands between C and D.

Carbohaemoglobin: It is a compound of haemoglobin
with CO,. The compound is formed by union of CO,
with the globin portion.

Carboxyhaemoglobin or carbon monoxyhaemoglobin:
Haemoglobin combined with CO instead of oxygen. It
is present in blood in coal gas poisoning. It has got two
absorption bands between D and E. The affinity of
human haemoglobin at 38°C, for CO is 210 times greater
than O, the extremely poisonous.

Sulphaemoglobin: It is formed by the combination of
haemoglobin with H2S. The compound is very stable
and is sometimes found in the blood after certain kinds
of drug poisoning.

Nitric oxide haemoglobin: Haemoglobin combined with
NO instead of oxygen, found in nitric oxide poisoning.

Derived Product
Iron Containing

Haematin: This derivative can exist in two forms—acid
and alkaline and may be prepared from haemoglobin
by the action of acid or alkali. This is sometimes found
in the urine in old cases of haemorrhage. It is a ferric
compound. Acid haematin has got an absorption band
between C and D. The absorption band of alkaline
haematin is near D line.

Haemin: Haemin is haematin hydrochloride. It is
prepared by boiling oxyhaemoglobin with NaCl and
glacial acetic acid. It is a ferric compound.

Haemochromogen: When alkaline haematin is reduced
by ammonium sulphide, this derivative is obtained. It
is a ferrous compound. Haem with ferrous iron is
combined with denatured globin. Of all the haemo-
globin derivatives, haemochromogen possesses the
most characteristic spectrum. It has a very distinct band
between D and E, as well as a fainter band between E
and B lines. Due to this property this compound is often
used to identify doubtful blood stains.

Cathaemoglobin: It is a compound of haem containing
ferric iron with denatured globin.

Haem: It is a ferrous compound produced by the
reduction of haematin in alkaline solution.

Iron Containing

Haematoporphyrin: This derivative can exist in two
forms—acid and alkaline. It is prepared by mixing
blood with sulphonic acid. When mixed with alkali the
alkaline variety is formed. Normal urine may contain
traces. It is found in the blood and urine in sulphonal
poisoning and in certain cases of liver disease.
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Haemopyrrole: When haematoporphyrin is reduced,
this compound is formed. It is probably a mixture of
several pyrrole compounds.

Haematodin: This compound is produced by the
breakdown of haemoglobin in the body. It is found as
yellowish-red crystals in the region of old blood
extravasations. Some authors believe that it is identical
with bilirubin.

Bilirubin: It is the chief pigment of bile and is produced
from haemoglobin in the whole of the reticulo-
endothelial system. From it are derived all the other
bile pigments, the pigment of the stool, stercobilin; the
pigments of the urine, such as urobilinogen, urobilin
and urochrome.

EXAM-ORIENTED QUESTIONS
Essay
1. Discuss the steps involved in synthesis of haemoglobin.
Describe the factors affecting haemoglobin synthesis.
2. What are the types of haemoglobin? What are the various

methods of estimation of haemoglobin? What are the
functions of haemoglobin?

Short Notes

1. Normal values of haemoglobin in males and females
Causes of variations of Hb count in physiological conditions
Types of haemoglobin and advantages of foetal haemoglobin
Haemoglobinuria

Derivatives of haemoglobin

oW
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Iron Absorption, Transport,

Storage and Excretion

INTRODUCTION

Iron: Sources: All animal food, e.g. meat, liver, egg, etc.
excepting milk and butter, vegetables, e.g. peas, lentils,
green leaves, fruits.

Daily Requirement

The daily requirement is 15-20 mg, per day and is
generally enough in the normal diet. Pregnant and
lactating females should have more. Milk being
deficient in iron, the infant may develop anaemia. The
foetal liver contains a large store of iron which is used
up in the first three months. After third month, infants
should have added amounts.

Distribution of Iron

Iron is distributed in the body (a) as iron porphyrins in
haemoglobin, myoglobin, and also (b) as iron enzymes
in catalase, cytochrome and peroxidase. Besides these,
the iron is also present as non-iron porphyrins in
transferrin, ferritin and haemosiderin.

ABSORPTION AND TRANSPORT

Iron is absorbed mostly from the whole of the gastro-
intestinal tract but a large amount is absorbed from the
upper part of the small intestine particularly the
duodenum (Fig. 14.1).

Key Points

1. Dietary iron is absorbed through the mucosal cells
as ferrous (Fe**) form. Iron in diet is mostly present
as ferric (Fe***) state which is reduced to ferrous form
during absorption. Vitamin C, glutathione and
amino acid—SH groups help in reduction of ferric
to ferrous form.

2. After entering the mucosal cell as ferrous form, the
iron molecules are rapidly reconverted into ferric
state. The ferric iron as ferric hydroxide phosphate
combines with a protein, apoferritin of the mucosal

95

cells with the formation of iron-phosphorus protein
complex, ferritin. This ferritin is one of the storage
forms of iron in the tissue.

. From the mucosal cell the ferritin iron passes into

the blood. At first the ferritin iron is reduced into
ferrous form and as such enters the blood stream.
Here vitamin C also helps in transformation of
ferric to ferrous form. However, the ferrous iron
after entering the blood stream is re-oxidised
into ferric form and combines with beta globulin
apotransferrin to form transferrin.

. It has been described by Osaki and others (1966)

that ceruloplasmin (copper-binding protein) of
the plasma also exerts a catalytic activity in
plasma to convert Fe** to Fe*** form and thus
incorporation of iron in the plasma transferrin is
hastened.

. Transferrin iron complex is the transport form of iron

of the plasma and is carried to the myeloid tissue,
liver, spleen, lymph node and other tissues of the
body. Transferrin is thus the iron binding protein of
the plasma and it shuttles iron atoms between tissues
without itself being utilised appreciably. The
transferrin can bind two atoms of Fe*** per molecule
of protein to form the red-coloured ferric protein
complex.

. Normal protein bound iron (PBI) in the plasma of

males is approximately 120-140 g%, and that of in
females is 90-120 ng%. The total iron-binding
capacity (TIBC) is about 300 to 360 ng per 100 ml in
both sexes.

. In the capillary blood vessels, the Fe*** of transferrin

passes through the peripheral capillary wall directly
into the tissue spaces. But from the tissue spaces, the
iron enters the tissues as ferrous (Fe**) state and is
stored as ferritin (Fe***) state (Fig. 14.1). If the
parenteral administration of iron exceeds the capability
of the tissue to store as ferritin, then the excess is
stored as haemosiderin.
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ABSORPTION OF IRON

Absorption of iron depends upon the following factors:

1. Iron requirement of the subject: In some unknown
way, the degree of immediate need of the body for
iron determines the rate and amount of absorption
from the small intestine.

e Miller (1954) suggests that iron absorption is
under the control of a regulatory mechanism
geared to the erythron need rather than to the
reserve stores.

e Other workers suggest that reserve iron stores
control iron absorption via the mucosal cell
through a low oxygen supply induced by low Hb
in the blood stream.

e Iron absorption is increased during growth,
menstruation, pregnancy and in blood disorders.
Absorption is increased markedly when the iron
needs are acute as in haemorrhage or in
anaemias.

2. Form of the compound: It is said that iron is best
absorbed in ferrous (Fe**) form. Most of the iron
taken with food is in ferric (Fe***) form. They are at
least partly converted into ferrous compounds before
absorption. Organic iron of food is much less
available for absorption than the inorganic. Insoluble
forms are not absorbed.

3. Reaction of the gastrointestinal contents: The acidity
of the gastric juice helps absorption. The gastric HCI
helps the liberation of iron from the organic
compounds in diet. Reduction from ferric form to
ferrous one takes place in stomach with the help of

""(iron protein complex) rj (ferrous

Mhl;_.’_‘m___ =ity P C__— = STO*e)

(e <h
T /}II"’—— \\ (]C) 8

L Wy ==>> =25 i

\ i - % 30

Lymphatic vessel

Pathway of absorption and fransport of iron (diagrammatic representation)

gastric secretions. Partial gastrectomy often leads to
iron deficiency anaemia.

4. Pigments: Absorption of iron is increased by
chlorophyll and bile pigments. It is believed by
certain workers thatbile or gastric HCl is not needed
for the absorption of inorganic iron salts.

5. Calcium and vitamin C: A small amount of Ca*
decreases the formation of insoluble iron
phosphates and thus helps absorption, but large
amounts of Ca?* inhibit iron assimilation. Vitamin
C increases the absorption of iron from foods,
possibly by reducing the ferric iron to the ferrous
state.

Absorption is retarded by excessive mucus, administra-
tion of alkalis or low gastric acidity.

Time Taken for Absorption

The rate of absorption of iron is determined by the iron
requirement for Hb synthesis. In anaemic cases, after a
single dose of iron, a rise of serum iron takes place in
30minutes, reaching its maximum in 3-5 hours (0.35 mg%,
compared to normal value, 0.10 mg %) and returns to
normal in about 12 hours. Maximum absorption is
completed in 18 hours. The body observes a rigorous
principle of economy in this respect. Iron derived
from the disintegration of the red cells remains stored,
and is utilised for the synthesis of further haemo-
globin.

If a man be in iron balance any excess of iron
administered per mouth will not be absorbed, but
passes out in the faeces. If iron salts are given by
injections, only traces appear in the urine, the rest
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remains stored in the reticuloendothelial cells as haemosi-
derin. Haemoglobin in the blood falls when iron loss
exceeds that of iron absorption and anaemia develops.

IRON IN BLOOD

Whole blood contains about 45-50 mg of iron per
100 ml. The total quantity present in all the red cells is
about 3 gm. Another 1-3 gm is present in the rest of the
body.

Iron is present in blood in two forms:

1. Plasma iron: Only traces of iron (average 0.10 mg
per 100 ml) are present in plasma. It represents the
form in which iron is transported in blood, from place
to place, the compound known as transferrin or
siderophilin. It is increased when the red cell
formation is diminished, e.g. in aplastic anaemia,
pernicious anaemia, etc. It is diminished when there
is rapid red cell formation.

. As haemoglobin: This accounts for about 92-98% of
the total blood iron. It corresponds to about 50 mg
of inorganic iron per 100 ml of blood.

STORAGE OF IRON

Iron is stored in two forms; ferritin and haemosiderin.
The former is water-soluble while the latter is granular
and insoluble in water. Reticuloendothelial system in
general, particularly, liver, spleen and bone marrow
store iron. Liver iron is readily increased by iron
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administration. In condition of excess haemolysis iron
is deposited in these places in large quantities. Normally
the iron liberated from the breakdown of red blood cells is
also stored in these places and is utilised for Hb synthesis.

EXCRETION

Iron is excreted only in traces in urine, bile and faeces.
In an adult the urinary loss is on the average 0.2 mg
per day. It is believed that the iron content of the body
is controlled by regulation of its absorption and not by
excretion. Iron loss occurs during pregnancy, during
labour, in the menstrual period, due to loss of blood,
etc. (Fig. 14.2).

FUNCTIONS OF IRON

1. Formation of Hb: The primary function of iron is to

form haemoglobin.

Development of red cells: Iron is not only necessary

for Hb synthesis but also for the formation and

maturation of red cells.

. Oxygen carriage in blood in the form of Hb. One
gm of Hb carries about 1.34 ml of oxygen (when fully
saturated with oxygen).

. Related to tissue oxidation
¢ Cytochrome is an iron-containing compound. It

is concerned with the oxidation of metabolites in

the cells.

Indophenol oxidase is also an iron compound.

2.

Duodenum

=
=76

Fe v
J T (06-1.5mg .
iron of food /"~ absorbed // .
o~

source in

s per day)
\ Y

e

v

Plasma Fe (average 3 mg)

R

Fe' " + transferrin
‘é (35-40 mg turned over per day) \
Bone marrow _\f * All body cells
(20-25 mg per day) b@
é}\
Q
) Q v
Haemoglobin Death of cells
& //
/ A ///
Haemoglobin stored iton 1000 mgy /. / '
catabolism Retficuloendothelial ¥~ /  Desquamation
system, liver, spleen, ' of cells
pone marrow
Haemorrhage "4
RBC lost in urine Urine, sweat,
“»  Menstrual loss bile faeces

(average 0.5-1 mg per day)

(0.5-1 mg per day)

Fig.14.2: Iron metabolism and its pathway (schematic representation)




Blood J

Sec I

98 Human Physiology

5. Supplies O, to the muscle: Myoglobin of muscle is
aniron-containing chromoprotein like haemoglobin.
It combines with O, and acts as an oxygen store for
muscle.

6. Relation with the cell nucleus: The chromatin of the
nucleus contains iron. It is possible that this iron takes
an essential part (may be oxidative) in the functions
of nuclei.

7. Relation with oxidation in nerve cells: Nissl granules,
present in the cytoplasm of the nerve cells, contain
organically combined iron. Here, iron serves some
essential roles probably in oxidation. These granules
disappear during activity of the nerve cells, and
reappear during rest.

APPLIED: IRON DEFICIENCY ANAEMIA

The deficiency of iron in diet, increase physiological
demand during pregnancy, menstruation, decrease
absorption in gut due to malabsorption syndrome,

secondary due toacute or chronicbloodloss (GIT bleed,
piles, etc.) or any chronic diseases produces iron
deficiency anemia. Iron deficiency causes secondary
anaemia (microcytic, hypochromic). The haemoglobin
content of the red cells is diminished. The size and
volume of the red cells are below average. There is
normoblastic hyperplasia in the red bone marrow. Iron-
deficiency anaemia occurs in children and adults due
to severe blood loss.

EXAM-ORIENTED QUESTIONS
Essay

1. Discuss the absorption, transport, storage and excretion
of iron.

Short Notes

1. Absorption of iron
2. Functions of Iron
3. Deficiency of iron
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Anaemia, Polycythemia, Osmotic

Fragility and Blood Indices

INTRODUCTION

Anaemia: Deficiency of RBC in blood causes anaemia.
Anaemia might be due to either excessive blood loss or
increased destruction of RBC (haemolysis). It might also
result from either defective formation in bone marrow
(aplastic anaemia) or deficiency of maturating factor
or nutritional defects.

Classification of Anaemia

Blood loss anaemia or haemolytic anaemia: After severe
haemorrhage the lost plasma is restored within a short
time but not the RBC. The blood is thus diluted and
there is a fall in haematocrit. This anemia as per
morphological classification of anemia is of normocytic
normochromic type. After continued haemorrhage
along with RBC, a considerable amount of iron is also
lost which cannot be replaced by ordinary diet. Tissue
anoxia stimulates bone marrow to form RBC which
morphologically is of microcytic hypochromic type.
Administration of iron is an effective cure in such a case.

Increased destruction of RBC: There are several types
of anaemia. In all cases, RBC formation is abnormal and
making it very fragile.

1. In familial haemolytic anaemia, the cells are
small, spherical and can be easily broken
down.

Sickle cell anaemia is due to cells having a sickle
shape. The haemoglobin of such patients is of
haemoglobin S type (instead of normal haemo-
globin A).

. Mediterranean anaemia (or thalassemia or
Cooley’s anaemia) is due to very small fragile
RBC containing haemoglobin F.

Certain diseases like malaria and syphilis cause
increased destruction of RBC as also the
haemolytic agents described under fragility of RBC.

The increased RBC destruction, due to haemolysis,
causes a rise in plasma, bile pigment (bilirubin) and
there might be jaundice along with the anaemia.
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Aplastic anaemia: Failure of functions of bone marrow
(aplasia): The resulting anaemia is called aplastic anaemia.
This failure might be due to:

1. Primary failure of bone marrow itself

2. Enormous exposure to X-ray or y-ray, the latter
resulting from atomic explosion
Cancer in bone marrow
Poisoning from aromatic organic chemicals or
some toxins
Kidney disease

3.
4.

5.

There occurs substitution of normal marrow with
fibrous tissue. The resulting anaemia is normocytic
normochromic type as per morphological classification
of red blood cells.

Pernicious anaemia and megaloblastic anaemia:
Defective formation of RBC: For the conversion of
proerythroblast also called megaloblast to mature RBC,
several maturating factors are essential.

Characteristic features
1. This includes ‘extrinsic factor” present in certain
foods which are essentially vitamin B,, and folicacid

and a gastric ‘intrinsic factor” which helps in the
proper absorption of the extrinsic factor. The
haematinic principle absorbed is stored in the liver
and transported to bone marrow. In absence of any
of them, pernicious (Addison) anaemia and
megaloblastic anaemia results.
In such a condition RBC count is greatly reduced,
the diameter of red blood cell increases to 8 ym or
more, mean corpuscular volume and mean corpuscular
haemoglobin concentration increases and peripheral
smear picture reveals nucleated red blood cells and
marked poikilocytosis and anisocytosis. Pernicious
or megaloblastic anaemia is of the macrocytic type
and is usually normochromic.

. The anoxia produced stimulates the bone marrow
which is filled up with nucleated RBC. Along with
blood changes, achlorhydria, lowered pepsin content
and subacute combined degeneration of tracts of the

2.
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spinal cord (the demyelination of tracts of the spinal
cord occupying the dorsal and lateral columns) also
occur.

4. Vitamin B, which is essentially the extrinsic factor,
if injected at this stage (but not fed orally) cures not
only the blood condition but also the neurological
manifestations. Folic acid can cure the blood
condition only. Possibly both the vitamins act as co-
enzymes for the synthesis of DNA. Vitamin B , alone
is necessary for the formation of RNA the nucleic
acid required for the integrity of the central nerves
system.

5. The basic cause of pernicious anaemia is atrophy of
the stomach mucosa. Gastrectomy or stomach cancer
also leads to similar blood changes. In all such cases
there is loss of intrinsic factor.

6. Absence of extrinsic factor, defect in liver storage or
reduced response of bone marrow to maturating
factor (as in myxoedema) mightalsobe a contributory
factor.

7. Atrophy of the intestinal mucous membrane, leading
to the failure of absorption of vitamin B, leads to
non-tropical sprue. This anemia is morphologically
classified as macrocytic hypochromic type.

8. The clinical sign and symptoms include decreased
appetite, mental apathy, diarrhoea, soreness of
tongue, motor deficit, tingling numbness in extremi-
ties, etc.

9. The patients are treated with vitamin B, , supplemen-
tation and folic acid.

NUTRITIONAL ANAEMIA

A diet deficient in essential amino acids or vitamins
(vitamin C, pyridoxine, riboflavin, nicotinic acid,
pantothenic acid), combined with or without diarrhoea,
produces similar blood picture as that of tropical
nutritional anaemia and is termed as nutritional
anaemia. Inadequate intake or increased requirement
of iron, as in pregnancy, causes hypochromic, micro-
cytic, iron deficiency anaemia.

IRON DEFICIENCY ANAEMIA

Deficiency of iron in diet, increase physiological demand
during pregnancy, menstruation, decrease absorption
in gut due to malabsorption syndrome, secondary due
to acute or chronic blood loss (GIT bleed, piles, etc.) or
any chronic diseases produces iron deficiency anaemia.
The red blood cell count is low and mean corpuscular
volume, mean corpuscular haemoglobin, mean
corpuscular haemoglobin concentration values are
decreased in iron deficiency anaemia. The clinical
features observed in iron deficiency anaemia are
fatigue, palpitation, breathlessness; recurrent infections
and characteristics signs observed are dry spoon-shaped
nails with longitudinal striations and bright red tongue.

Human Physiology

SICKLE CELL ANAEMIA

Sickle cell disease is an inherited disorder. The patients
of sickle cell disease have peculiar type of haemoglobin
molecules called haemoglobin S. On exposure to
hypoxia the red blood cells of sickle cell patient achieve
a sickle shaped. The sickle red blood cells break down
prematurely causing anaemia. The patients of sickle cell
diseases present with history of fatigue, generalized
weakness, shortness of breath, repeated infections, and
periodic episodes of pain. Patient in crisis experience
extreme painful episodes called vaso-occlusive crisis
and when these cell blocks the capillaries in various
tissue it may produce infarcts for example splenic
infarct, stroke, avascular necrosis of bone, acute
papillary necrosis in kidney, stroke, etc.

THALASSEMIA

Thalassemia is a disease of genetic origin in which there
is defective synthesis of haemoglobin. There is a
mutation or deletion of the genes which control globin
synthesis. This decreases the formation of the
corresponding globin chains and an abnormal
hemoglobin ratio. This abnormal ratio decreases
hemoglobin synthesis and the expression of
thalassemia. The globin that is produced in normal
amounts winds up in excess and forms red cell
aggregates or inclusions. Thalassemia manifests as
o-thalassemia disease or B-thalassemia disease. The
excess of o-globins leads to the formation of o-globin
tetramers in patients of B-thalassemia. The o-globin
tetramers (o) accumulate in the erythroblast. These
aggregates precipitate interfering with erythropoiesis
and cell maturation leading to anaemia. Similarly, the
o-thalassemia results in a B-globin tetramers (B*)
formation which is also called hemoglobin H. These
tetramers under certain circumstances can lead to
haemolysis, shortening lifespan of the red cell.

GLUCOSE-6-PHOSPHATE DEHYDROGENASE
DEFICIENCY

The G6PD enzyme deficiency manifests with failure of
formation of NADPH. NADPH enzyme maintains
glutathione in reduce state. The decreased concentra-
tion of glutathione in reduce state prone the red blood
cell for haemolysis producing haemolytic anaemia.

CONGENITAL SPHEROCYTOSIS

It is an autosomal dominant disorder. The defective
make up of spectrin protein as a result of genetic
glycolysis defectlead to formation of microspherocytes
(small size red blood cell). The characteristic biconcave
shape is lost due to which red blood cells rupture easily
as they are passing through the capillaries. This
condition is also known as congenital spherocytosis.
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HAEMOLYTIC ANAEMIA

By the term haemolysis is meant the disruption of red
cells with the escape of haemoglobin from the
corpuscles to the plasma.

* When red cells are suspended in isotonic solution,
no change occurs. When suspended in hypertonic
solutions, water is drawn out of the cells, the cell
volume shrinks and they become crenated.

* When placed in hypotonic solutions, water enters
the cells; they gradually swell up, become spherical
and ultimately burst. Haemoglobin comes out
into the plasma and the phenomenon is called
haemolysis of blood. The fragility of the red cells
depends upon the readiness with which the cells are
haemolysed, when placed in hypotonic solution.

It can be determined quantitatively as follows

1. The blood sample to be examined is diluted two
hundred times in a series of red cell-counting
pipettes, using hypotonic salt solutions of gradually
diminishing strength, as diluting fluids.

2. After half an hour the cells in each pipette are
counted and the number is compared with the
count done in the same way by using normal
saline. From this the percentage of ruptured cells
are found.

3. That particular concentration of the hypotonic salt
solution, where 50% of the corpuscles are found to
be haemolysed is determined and is used as the
standard for comparing the fragility of other blood
samples.

Normal haemolysis: It starts at 0.48% and is completed
at 0.33% of NaCl solution. Fragility increases in acido-
sis.

e The red cells in the venous blood show increased
fragility than in the arterial blood. This is due to the
fact that in the venous blood the cell volume is
already larger and consequently can withstand much
less degree of further swelling. Hence, the cells
become more easily haemolysed when placed in
hypotonic solution.

Blood may be haemolysed in the following different

ways

1. By adding fat solvents: Ether, chloroform, benzene, etc.
causes leaking of blood by dissolving away the fatty
red cell membrane.

2. By causing osmotic disturbance: Addition of distilled
water or hypotonic salt solution increases the cell
volume and causes haemolysis.

3. By disturbing the surface tension of the red cells.
Addition of bile salts or saponin causes leaking of
blood.

4. Physical methods: Alternate freezing and thawing of
blood break down the RBC.

5. Mechanical: Vigorous stirring and shaking lead to
haemolysis, but complete haemolysis of all the red
cells in a sample is unusual by this process.

6. Addition of incompatible blood: This at first agglutinates
the red cells and then causes haemolysis.

7. Adding bacterial haemolysins. Adding snake venom
(viper).

Drugs: Quinine, phenacetin, nitrites, chlorates, etc.

cause haemolysis. In addition toabovethereare various

pathological conditions in which the fragility of the red
cells is seriously disturbed.

POLYCYTHEMIA

Increase in number of RBC is called polycythemia. This
might result in persons living at high altitude usually
15,000 feet above sea level. In some animals a large dose
of cobalt might produce polycythemia possibly due to
increased production of erythropoietins. Polycythemia
vera (erythremia) is a pathological condition in which
RBC count is well above normal.

BLOOD INDICES

Some important indices about red blood corpuscles
and haemoglobin
1. Colour index (CI): It is calculated as follows:

Percentage of Hb

- Percentage of red cells

The haemoglobin percentage is determined as well
as the red cell count. A count of 5 million red cells
per cu mm is taken as 100%. If a subject is found to
possess 60% haemoglobin and only 4 million red cells
(i.e. 80% of the normal 5 million), then the colour
index will be 60/80 = 0.75. The normal colour index
is 1, but slightly lower index, i.e. 0.8, is more
commonly found and is also not abnormal. Colour
index indicates the proportion of haemoglobin
present in each red cell with respect to normal. In
hypochromic anaemia the index is low, in hyper-
chromic or macrocytic anaemia the indexis increased.

2. Mean corpuscular diameter (MCD): In film prepara-
tions the average diameter is 7.2-7.3 pm.

3. Mean corpuscular volume (MCV): Anaemia is macro-
cytic when the MCV is over 96 cu pm, microcytic if
below 85 cu pm and normocytic at normal level of it.

vl ¢ packed red cells in ml per li

Red cells in million per cu mm

= 87 cubic pm =7

4. Mean corpuscular thickness (MCT): 2.1-2.2 pm. Mean
corpuscular thickness can be determined from the
formula:

1
{n (mean diameter/ 2)’}

MCT = MCV x
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Volume index

_ % of corpuscular volume (45 ml - 100%)
" % of red cells (5 million per cu mm — 100%)

= Normal average 1 (range 0.85-1.5)

Relative volume of packed red cells and plasma: This
is determined by centrifuging oxalated blood in
haematocrit. The cells occupy 45% of the total volume
and the rest is made up by plasma. The ratio, cell;
plasma = 45:55 is a good normal.

5. Mean corpuscular haemoglobin (MCH): It is calculated
as follows:

_ Haemoglobulin in grams per litre of blood

Red cells in million per cu mm

It refers to the average weight of the haemoglobin in
the red blood sample. It is expressed in picograms.
One picogram is 1072 grams. The normal range of
MCH in adult is 26-32 Pg.

6. Mean corpuscular haemoglobin concentrations (MCHC):
It is calculated in the following ways:
Haemoglobin in grams per 100 ml

~ Volume of packed red cells in 100 ml x 100

The average figure is 35% =+ 3.

Physiology

This figure indicates how much of the average
volume of the corpuscle is filled up by haemoglobin.

Normally 35% of the average volume of each red cell
is filed up with Hb. If the MCHC is below 30% the
anaemia resulting in hypochromic type. Value is never
higher than above normal. Anaemia with normal
MCHC is normochromic.

Saturation index: It indicates the concentration of
haemoglobin in the red cell and is obtained by:

% of weight of haemoglobin per 100 ml

% of corpuscular volume
= Average 1 (range 0.9-1.1)

EXAM-ORIENTED QUESTIONS
Essay

1. Define anaemia. Classify anaemia and discussits physiological
basis.

2. Discuss the significance and method of estimation of
following blood indices: Colour index, mean corpuscular
volume, mean corpuscular haemoglobin, mean corpuscular
haemoglobin concentration.

Short Notes

1. Polycythemia
2. Osmotic fragility
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White Blood Cells and Platelets

WHITE BLOOD CELLS

White blood corpuscles (WBC) are an important variety
of cells in the blood.

These cells differ from the red cells in many respects.
For instance:

1. They do not contain any haemoglobin.
2. They are bigger in size.

3. They are nucleated, living cells.

4

. They are actively amoeboid. They are much less
in number. Their span of life is shorter.

Their origin is purely from extravascular tissue.
Their functions are absolutely different from
those of red cells.

There are several varieties of leucocytes, whereas
red cells are only of one variety.

o

Chemistry

Leucocytes are rich in nucleoprotein and also contain
lipids, glycogen, cholesterol, ascorbic acid and a variety
of enzymes, especially proteolytic.

Total Number

The average total number of white cells is 6,000 to 8,000
per cu mm, the normal range being 4,000-11,000 per
cu mm. The average ratio of the total white cell count
with the total red cell count is about 1:700, i.e. for; one
WBC there is 700 RBC.

VARIATIONS IN NORMAL COUNT OF
WHITE BLOOD CORPUSCLES

1. Diurnal variation: The total count varies from day
to day and even from hour to hour. Sometimes,
such variations are found to be random and
without any obvious cause. In the morning or
after rest, the count is lowest. The count rises after
mid-day and usually becomes highest in the
evening.
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Muscular exercise and any condition leading to
asphyxia (O, lack and CO, excess) increase the total
count. Relation with meal: Formerly it was believed
that there is leucocytosis after meals, which is now
thought to be only a diurnal variation.

Injection of adrenaline increases the count.
Emotional stress: Fear, pain, etc. increases the
count due to liberation of adrenaline.

Age: In the newborn, the count is very high, about
20,000 per cu mm. After second week, the count
starts falling, but throughout infancy and
childhood, the count remains proportionally
higher. During infancy and childhood, the
lymphocytes constitute about 40-50%.

Relation with pregnancy and labour: In pregnancy
and at full term the count is higher, being highest
(17,000) during labour. There is also an increase
during menstruation.

Increased cellular destruction from infections,
surgical operations, etc. produces derivatives of nucleic
acid and causes a rise in neutrophil leucocytes.
Asthma, hay fever, skin disease, etc. and also after
hostile invasion with parasites there is an increase
in eosinophil (eosinophilia).

Adrenal cortical steroids and ACTH (adrenocorti-
cotrophic hormone) cause an increase in neutrophil
and decrease in lymphocytes and eosinophil. The
fall in eosinophil is very specific for this hormone,
and is used as an assay method.

Starvation and administration of certain chemicals
like benzene, sulphonamide, etc. produce leucopenia
(fall in leucocytes).

Infections leading to Leucopenia: Also occurs after
bacterial, viral or protozoal infection and also in
aplastic bone marrow disease or after exposure to
ionising radiation. It is generally agreed that
stores of white blood corpuscles remain in various
parts of the body and under different conditions
they may rapidly appear and disappear from the
blood.
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CLASSIFICATION AND DIFFERENTIAL COUNT OF
WHITE BLOOD CORPUSCLES OR LEUCOCYTES

There are several varieties of white blood corpuscles,
each type possessing characteristic morphology and
staining property. Determination of the percentage of
different varieties of leucocytes is known as the
differential count of white blood corpuscles. The classifi-
cation and the differential count, as generally accepted.

All white blood cells are produced and derived from
multipotent cells in the bone marrow which are the
haematopoietic stem cells.

GRANULAR LEUCOCYTES OR GRANULOCYTES

Cells with granular cytoplasm they are formed in the
bone marrow from the time of birth onwards. The
granules may take any of the three different stains
neutral or acid or basic. Consequently this group
includes the three varieties as listed in Table 16.1.

Neutrophil
Characteristic Features

1. Itis about 10-14 pm in diameter. Most numerous in
theadultblood is about 60-70%. The nucleus is many-
lobed; the number of lobes varies from 2 to 7 or more.

. The youngest cell has a single nucleus.

3. The number of lobes increases with the degree of
maturity of the cells. Due to presence of lobes in the
nuclei these cells are called polymorphs.

4. In the peripheral blood, the cells with three- to four-
lobed nuclei are the most numerous.

5. The cytoplasm contains fine neutrophilic granules
which appear pale-violet with Leishman’s or Giemsa’s
stain. They are actively amoeboid and phagocytic.

6. The neutrophil leucocytes contain a variety of
enzymes like phosphatase, nucleotidase, protease,
amylase, lipase, etc. They also contain ascorbic acid,

N
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glutathione and glycogen. Metabolically these cells
are much more active than erythrocytes.

7. Some physiologists have described certain sex
differences in the nuclei of neutrophil (polymorpho-
nuclear). The sex chromatin body is a small mass,
usually adjacent to the nuclear membrane which
stains deeply with haematoxylin, and is attached to
the nucleus by a slender thread, giving a drumstick-
like appearance. This sex difference is found in
polymorphs of about 17% of normal females and is
absent in the males.

Ameth Count or Arneth Index (Modified by
Yon Bonsdorff and Later by Cooke)

Following the idea that the age of the neutrophils is
proportional to the number of lobes in their nuclei,
Arneth (1904) divided them into five groups.

The Arneth index can be determined by counting
the number of nuclear lobes in each of hundred
neutrophils. Of 100 neutrophils counted the proportion
of different groups are as follows; group I (one-lobed
nucleus—round, oval, indented or horseshoe-shaped)—
5-10%; group II (two-lobed nucleus)—25-30%; group III
three-lobed nucleus)—45-47%; group IV (four-lobed
nucleus)—16-18%; group V (nucleus with five or more
lobes)—2%.

Cells with three-lobed nuclei are maximum in
number, fully mature and functionally most efficient
(Fig. 16.1). Cells with less nuclear lobes are immature,
while cells with more lobes are increasingly senile. A
shift to the left [(group I + group II) > 45%] means a
relative or absolute increase of immature cells and
consequently a less efficient leucocyte defensive system.
A shift to the right means diminished leucopoiesis with
the increase of hyper mature and senile cells.

Schilling index: It is simpler classification of
neutrophils into four groups such as (a) myelocyte
having only one lobe, (b) juvenile metamyelocyte in

Table 16.1: Classification of white blood corpuscles

Type
I. Granular leukocytes or granulocytes

a. Neutrophil (polymorphonuclear)
The nucleus is many-lobed (2-7 lobes) and the
granules in the cytoplasm taken neutral stain

b. Eosinophil
The nucleus is commonly two- or three-lobed
The granules are coarse and stain with acid dyes (eosin)

c. Basophil
The nucleus is lobed the cytoplasm contains granules of
various sizes which take deep basic stain

Il. Lymphocytes
a. Small lymphocyte
b. Large lymphocyte

IIl. Monocytes (including transitionals)

Percentage Absolute number

60-70% 3,000-6,000 per cu mm

1-4% 150-400 per cu mm

0-1% 0-100 per cu mm

25-30% 1,00-2700 per cu mm

5-10% Alsolute no. 350-800 per cu mm
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5-10% 25-30%
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45-47%

Group IV

16-18% 2%

Fig. 16.1: Different numbers of lobes in polymorphs corresponding to different groups in Ameth count

which the nucleus is indented, (c) staff cell or band cell
of Schilling having unsegmented but T-,V- or U-shaped
nuclei. It is an older metamyelocyte and corresponds
to the first stage of Arneth, and (d) older or segmented
neutrophils.

In response to acute need certain younger forms of
neutrophils such as myelocyte and juvenile type are
used to come out from the bone marrow. This has been
indicated by Schilling as regenerative shift. His concept
regarding the degenerative shift to the left is referred
to the failure of the neutrophils to mature as the result
of the depression of bone marrow function. In this type
of shifting, an increased number of immature forms are
found in the blood. It is assumed that these cells can
never mature.

Eosinophil
Characteristic Features

1. It is about 10-14 pm in diameter.

2. Thenucleus commonly possesses twolobes and stains
less deeply than those in the polymorphonuclear cells.

3. The cytoplasm contains coarse granules, oval or
round in shape, taking acid stain and showing red
colour with eosin.

4. The cell membrane seems to be very delicate and is
often found to be broken in a blood film.

5. The eosinophils are amoeboid, but not phagocytic.

6. They contain variable amount of histamine. They are
involved in type I hypersensitivity reactions.
Eosinophil numbers are increased in infection or
allergic reaction by the release of IL-3, IL-5 and GM-
CSF by Th2 and mast cells. This promotes release of
eosinophils into circulation. Eosinophils get attracted
to the required site of action by chemicals known as
eotaxins which are released by mast cells. The
histamine and its breakdown products also act as
attractants for more eosinophil to the site.

7. They attack parasites which are large to be engulfed
by phagocytosis. The specific granules releases major
basic protein, eosinophil cationic protein (ECP),
eosinophil peroxidise (EPO) and eosinophil derived
neurotoxin (EDN). These proteins act as stimulants
to mast cells causing them to release histamine and

thus attracting more eosinophils and thus 16
counteracting the parasites and killing them.

Basophil
Characteristic Features

1. Their size is somewhat smaller, with a diameter of
about 10-14 pm.

2. Thenucleus is usually kidney-shaped or only slightly
lobulated.

3. The cytoplasm contains a large number of round
granules which take deep basophilic stain.

4. The granules are less numerous than in the eosinophil
and differ much in size. Unlike the eosinophil, the
granules are often found to overlap the nucleus and
obscure the details of its morphology.

5. They are actively amoeboid but are less so than the
other varieties of granulocytes. They are believed to
belong to cells of the reticuloendothelial system.

6. The bosophils are similar to connective tissue mast
cells and like them exhibit metachromasia, the
granules containing both histamine and heparin and
also 5-hydroxytryptamine (5-HT). Heparin acts an
anticoagulant.

The increase of granulocytes in the blood is called
granulocytosis. Diminution of granulocytes in the blood
is known as granulocytopenia. Complete disappearance
of granulocytes is known as agranulocytosis

Agranulocytes are lymphocyte and monocyte.

LYMPHOCYTES

Small Lymphocyte

Characteristic Features

1. Itis slightly larger than a red cell, the diameter being
about 7 to 10 pum.

2. Thenucleusisrelatively large and occupies the major
part of the cell.

3. The cytoplasm is basophilic, showing no distinct
granules and makes a thin rim around the nucleus.

4. In early childhood they make up about 50% of the
total white cell count. Their number diminishes with
age. At the age of 10 years it makes about 35%.
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Large Lymphocyte
Characteristic Features

1. It is about 10-14 pm in diameter in size, the nucleus
may be round, oval or kidney-shaped.

2. The cytoplasm is proportionally more and forms a
wider zone around the nucleus. It is basophilic and
shows no distinct granules.

3. They are considered to be the younger forms of small
lymphocytes.

4. In the adults, they are very few in numbers (4-8%)
butare more frequentin children. In well-stained speci-
mens a few reddish-purple granules (metachromatic
granules) are found in the cytoplasm, generally
collected at one pole of the cell.

MONOCYTES (LARGE MONONUCLEAR CELL,
TRANSITIONAL CELL, etc.)

Characteristic Features

1. They are about 10 to 18 pm in diameter.

2. The nucleus is round or oval when the cells are
young. But as they grow older, the nucleus becomes
convoluted kidney-shaped or horseshoe-shaped.

3. The nucleus is eccentric with a large amount of clear
non-granular cytoplasm, may be, with vacuoles in
it. Fine reddish-blue metachromatic granules may
be found throughout the cytoplasm in well-stained
specimens. When the nucleus is round it is difficult
to distinguish monocytes from the large lymphocytes.
But the following points may be helpful. In the monocytes,
the nucleus may be eccentric and the cytoplasm
resembles ‘frosted glass’; whereas in the large
lymphocytes the nucleus is central and the cytoplasm
has a ‘clear glass’ appearance. In the warm stage the
monocytes are found to be actively motile whereas
the large lymphocytes show very little movement.

DEVELOPMENT OF LEUCOCYTES

Leucopoiesis is defined as a process of development
and maturation of the white blood cells. It takes a period
of 12 days for development of leucocytes. They develop
from the pluripotent haemopoietic stem cell which
differentiates into colony forming units which are the
progenitor cells (Fig. 16.2A).

DEVELOPMENT OF GRANULAR LEUCOCYTES OR
GRANULOCYTES

The CFU-GM forms the granulocytes and monocytes
cell in the bone marrow. The progenitor cells which
form other granulocytes are Ba-CFU: Basophil-colony
forming unit, Eo-CFU: Eosinophil-colony forming unit,
M-CFU: Monocyte-colony forming unit and G-CFU:

Human Physiology

Granulocyte-colony forming unit. The development of

granulocytes is termed as granulopoiesis myeloid series

while that of monocyte is referred as monocyte
macrophage series. The leucocytes are stored in bone
marrow.

1. Myeloblast*: They form nearly 2% of total marrow
cells. They are smaller in size (16 to 20 pm), non-
granular cytoplasm and a round or bean-shaped
nucleus with several nucleoli. There are numerous
mitochondria. They are non-motile or less motile.
They divide and form the next stage. It should be
noted that up to this stage the cytoplasm has no
granules when stained with the ordinary
Romanowsky methods. By the peroxidase method
granules may be found in the more mature of the
myeloblast. The number of nuclei is an important
differentiating point from lymphoblasts. The latter
have definite and distinct nucleoli whereas in the
former, the nucleoli look like irregular gaps.

2. Promyelocytes: The myeloblast matures into
promyelocytes. The size of promyelocytesis 14-18 ym,
there are azurophil granules present in the
cytoplasm, and the nucleus is round or oval having
condensed chromatin and few nucleoli. They
undergo mitosis.

3. Myelocyte: This stage is characterised by certain

remarkable peculiarities which are quite distinct
from the previous stages.
The peculiarities are as follows: (a) Multiplicity—
although all the cellsbefore this stage are multiplying,
yet the multiplicity of the myelocytes is maximum.
It is by the multiplication of the myelocytes that the
normal supply of the white cells is kept up,
(b) granules appear in the cytoplasm. The granules
may take neutral, acid or basic stains and accordingly
the myeloytes are of three varieties: (1) Neutrophilic
myelocyte, (2) eosinophilic myelocyte, (3) basophilic
myelocyte, (c) cytoplasm is less basophilic, and
(d) nucleoli disappear and chromatin is coarser.

4. Metamyelocyte: At this stage, again certain charac-
teristic changes appear: (a) The nucleus becomes
deeply indented and is almost bilobed. This shows
that maturation is advancing, (b) the cells no more
multiply but only mature henceforward. (c) amoeboid
movement appears and due to this, a few of these cells
may burrow into the blood vessels, and (d) appear
in the peripheral circulation.

5. Band or stab form: These are young juvenile granulo-
cytes. There size is smaller than the metamyelocytes.
There pinkish coloured cytoplasm contains granules.
Nucleus is further condensed and transformed into
band or indented V shape.

6. Leucocyte: The nucleus contains many lobes which
are produced by maturation of the previous stage.

*Ferrate recognises another cell, the promyelocyte, being the transitional stage from the myeloblast to the myelocyte.
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Fig. 16.2A: Formation of leucocytes

The maturation takes place in the bone marrow. Once

the cells come in the peripheral circulation, no more

maturation can take place. It is believed that the
degree of maturation is proportional to the number
of lobes of the nucleus.

Myeloblast progress into promyelocytes which
under influence of various colony forming units and
cytokines colony stimulating factor as described above
matures into that specific series of cells that is
neutrophils, basophils, eosinophils and agranulocytes;
monocytes and lymphocyte are given in Fig. 16.2A and B.

Development of Lymphocytes

In the central part of lymph node, there is a small area
about 1 mm in diameter and pierced by a small blood
vessel. This is called the germinal centre or secondary
lymphoid follicle. Some of the reticulum cells in this
area proliferate and give rise to the lymphoblasts. In
recent years, evidence has been accrued and shows that
the thymus is an important and probably the main
source of production of lymphocytes.

Monoblast

Lymphoid stem cell
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l Lymphoblast
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Fig. 16.2B: Formation of lymphocytes and monocytes

Lymphocytes are formed from lymphocytic stem
cells that are the pluripotent haemopoietic stem cells
in the bone marrow. The lymphocytic stem cells migrate
to the peripheral lymphoid tissue and thymus. They
develop and mature in peripheral lymphoid tissue and
thymus.

The stages of proliferation are:
1. Lymphoblastis 15 to 20 pm in diameter, with around
or oval nucleus and a non-granular cytoplasm.
2. Prolymphocytes are 9-18 ym in diameter. They
mature into lymphocytes. Theyhaveround indented
nuclei and scanty non-granular cytoplasm.
3. Lymphocytes: Prolymphocytes divide and give rise
to the small and large lymphocyte. The normal
number of lymphocytes in the blood is maintained
chiefly by the division of the lymphoblast cells.
¢ Thelarge lymphocytes are fairly mature cells and
do not multiply any further. These cells are found
in the circulation.

¢ The small lymphocytes are derived by further
maturation of the large lymphocytes. These cells
leave the gland through the efferent lymphatics;
thoracic duct and right lymphatic duct, and reach
the circulation.

Role of Lymphocyte in Inmunology

The lymphocytes include natural killer cells (NK cells),
T cells and B cells.
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NK cells are a part of the innate immune system
involved in cytotoxic innate immunity and play a major
role in defending the host from tumors and virally
infected cell. T cells are involved in cell-mediated
immunity. B cells are responsible for humoral immunity
(mediated via antibodies).

As on antigen presentation T cells and B cells
recognize specific non-self antigens. These cells
generate specific responses to combat specific
pathogens or pathogen-infected cells. B cells respond
by producing antibodies which then neutralize foreign
bacterial and viral antigens. T cells, called T helper cells
produce cytokines on exposure to pathogens while
cytotoxic T cells produce toxic granules containing
enzymes which kill the infected cells. The activated, B
cells and T cells forms sensitization memory against
the antigens they have come across, in the form of
memory cells.

Development of Monocytes

The monocytes are developed mainly from the monocyte

macrophage series from progenitor cells CFU-M

(colony forming unit-monocyte) under influence from

colony stimulating factors from reticulum cells of spleen

and lymph nodes and to a lesser extent of the bone
marrow. The stages are—progenitor cells - monoblasts

— promonocytes — monocytes.

1. Monoblast: It is a large size cell. These earliest
precursors are called myelomonoblast.

2. Promonocyte: It is about 20 pm in diameter, having
large, indented kidney-shaped nucleus, single
nucleolus and basophilic cytoplasm.

3. Monocyte: It is about 12-20 pm in diameter. They
have single, large horseshoe- or kidney-shaped
nucleus. The nucleus has fine network of chromatin
and have pale blue agranular cytoplasm.

Life and Fate of Leucocytes

The life of the different varieties of leucocytes differs.
Sabin holds that granulocytes live from 1 to 2 days only.
Osgood believes that neutrophils live from 2 to 4 days;
eosinophils, 8-12 days; basophils, 12-15 days. The
average life of lymphocyte seems to be more than a
day, and may be 2 or 3 days.

Regarding the fate of leucocytes, it is known that all
the varieties die, disintegrate and disappear. The
neutrophils and other granular leucocytes undergo
fragmentation in the blood stream and are also broken
down by the reticuloendothelial cells. Regarding the
fate of the lymphocytes, it is believed that most of the
lymphocytes leave the body (and are destroyed) by
passing out through the intestinal and other mucosa.
But some are certainly destroyed by the phagocytic
cells of reticulo-endothelial system like the other
varieties.

Human Physiology

FUNCTIONS OF WBC

1. Phagocytosis: The neutrophil polymorphonuclear
leucocytes and the monocytes engulf foreign
particles and bacteria, and generally digest them.
This process is called phagocytosis. When the
bacteria invade the body, the leucocytes pass out of
the blood vessels and surround the threatened area
and through their pseudopodial processes engulf the
bacteria and destroy them. The eosinophils and
lymphocytes have got slight phagocytic action.
Eosinophils collect at site of allergic reaction and
releases histaminases limiting effect of inflammatory
mediator and inhibit mast cell degranulation. While
monocytes follow the area of infections and form a
second line of defence. Eosinophils enter the tissue
and provide local mucosal immunity in urinary
tract, gastrointestinal tract and respiratory tract.
Monocytes kill tumour cells after sensitization by
lymphocytes.

2. Antibody formation: Lymphocytes manufacture the
y-fractions of serum globulin. Immune bodies are
associated with y-globulin fraction. The significant
y-globulins are immunoglobulins. So the lymphocytes
play an important role in the defensive mechanism
of the body of an immunological nature. Adrenal
cortical steroids are responsible for dissolution of
lymphocytes and so increase in antibody concentration
in blood.

3. Synthesis: Monocytes synthesize complement and
other substances like prostaglandin E, and clot
promoting factors.

4. Manufacture of trephones: Leucocytes manufacture
certain substances from plasma proteins which exert
great influence on the nutrition growth and repair
of tissues. These substances are called trephones.

5. Secretion of heparin: The basophils are supposed
to secrete ‘heparin’; which prevents intravascular
clotting.

6. Antihistamine function: The granulocytes, specially
the eosinophil cells, are very rich in histamine. They
are believed to defend against allergic conditions in
which histamine like body are present in excess.

Control of Leucopoiesis

The factors which control the formation of leucocytes
under physiological conditions are rather complex.
From the factthatthese cells are constantly dying away,
and in spite of it, a fairly constant number is maintained
in the circulation, it is evident that some stimulus must
be constantly acting upon the leucopoietic tissues, so
that the dead cells are replaced by new formation and
a balance is kept up between production and loss.
* One thing is almost certain that for each variety of
cells a specific stimulus is necessary and the stimulus
is largely chemotactic.
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e Ithasbeen shown that injection of nucleic acid or its
derivatives, increases the neutrophil cells in the
blood. From such observations it hasbeen suggested
that the nucleic acid, derived from the dead
neutrophils, may act as the normal stimulus for the
formation of fresh neutrophils. In this way the
normal neutrophil count is maintained.

* Regarding the normal stimulus, for the other
varieties of leucocytes, needs further exploration.
Some suggest that proteins are responsible for
lymphocytic proliferation and lipids for monocytic
proliferation.

— Experimental and clinical evidences suggest that
some control regulating the release of cells into
the circulation is exercised by the actual number
of circulating leucocytes.

— Menkin (1955) isolated two simple polypeptides,
one thermolabile and the other thermostable as
the specific leucocytosis—promoting factors in the
pseudoglobulin fraction of exudates and two
thermostable polypeptides as specific leucopenic
factors.

— Others in 1961 obtained evidence of the presence
of a neutropoietin and still others in 1965 isolated
from serum fraction which stimulates production
and another which depresses production and
maturation of cells.

ABNORMAL VARIATION IN WHITE BLOOD
CORPUSCLES COUNT

Leucopenia: Leucopenia is a condition in which there
is a decrease in the WBC count below 4,000 per cu mm.
This is commonly due to a fall in the neutrophil cells.

Neutropenia occurs in children, typhoid, viral
infection and bone marrow depression. Eosinopenia
occurs after injection of ACTH or corticosteroid
treatment.

Leucocytosis: A rise in the WBC count above 11,000 per
cu mm is called leucocytosis. It might be due to an
increase in neutrophil, eosinophil or basophil. There
might also be lymphocytosis or monocytosis.

Physiologically neutrophil count increases after
exercise, pregnancy, menstruation and lactation while
the pathological causes are acute pyogenic infections,
after burns, post-surgery, after haemorrhage, etc.
Eosinophilia occurs in parasitic infections, and skin
diseases.

Agranulocytosis: In such a condition there is a great
fall in the number of circulating granulocytes, which
usually result from the harmful effect of certain drugs.

Leukaemia: This is a malignant disease of one or other
variety of the WBC, the number of which is greatly
increased. Immature forms of the WBC make their
appearance in the circulating blood in such condition.

PLATELETS

Platelets are non-nucleated round or oval, biconvex
discs having various sizes and covered by unit
membrane. The average sizeis 2.5 pm. But bigger forms
(4-5 pm) are also seen. In ordinary blood film the
platelets are generally not seen separately but in
clumps. If antiagglutinant (EDTA) is applied, in the
blood prior to drawing of film then the same can be
seen separately in light microscope. In light microscope
generally two components of platelets are seen in the
stained slide. One is the clear ground substance—the
hyalomere (hyalos = glass, meros = part) that is stained
very faintly and the other is the deeply stained central
portion—the chromatomere or granulomere.

Electron microscopicstudies of platelets stained with
glutaraldehyde followed by osmium tetroxide reveal
additional components other than two components
mentioned above. Itisalso claimed thatthe surrounding
membrane of each platelet is covered by a thin film of
carbohydrate.

In electron microscope the hyalomere is seen to consist
of homogeneous fine granular materials. These
hyalomeres in the periphery of platelets were also found
to contain microtubules and microfilaments. The micro-
tubules probably give the ovoid structure of platelets
and the microfilaments are presumably associated with
microtubules. The microfilaments contain thrombosthenin
which can contract like actin and myosin in muscle.
This contractile element—the thrombosthenin is
responsible for change of the shape of platelets.

Similarly, underelectron microscope, the chromatomere
is seen to contain numerous components. These
components (Fig. 16.3) are as follows:

o-granules: These granules are oval or sometimes
round in shape and having diameter, 0.2 pm and length
0.3 to 0.4 pm. These granules are often seen enclosed in
a membrane. A rounded dense osmophilic area is often
present in these granular matrices of the organelle. The
o-granules consist clotting mediators such as factor V,
factor VIII, fibrinogen, fibronectin, platelet-derived
growth factor, and chemotactic agents.

Mitochondria: These are 2-3 in number and are clearly
seen in a thin section of platelets.

Sydersomes: These are iron-containing (ferritin)
vesicles. These are not seen very frequently.
d-granules, or dense bodies, contain ADP, calcium,
serotonin which are platelet-activating mediators.
Glycogen granules: These granules are also distributed
in certain parts of the platelets.

Ribosomes: These are generally seen in newly formed
platelets.

Systems of tubules and vesicles: These are of two types.
One is the surface-connecting system and the other is
the dense-connecting system. The surface-connecting
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Fig. 16.3: Structure of platelet

system communicates; with the surface of platelet; and
are concerned with phagocytic function. The membranes
derived from megakaryocytic smooth endoplasmic
reticulum are organised into a dense tubular system
and it is responsible for thromboxane A, synthesis. As
the dense tubular system is connected to the surface
platelet membrane it aids in thromboxane A, release.

The average life of platelets is about 5 to 9 days. They
are destroyed in the spleen and other reticulo-
endothelial cells.

Properties

Characteristic properties are: (a) Sticking to water-
wettable surface or otherwise rough surface (injured
or diseased endothelium, etc.), (b) easy clumping, and
(c) easy disintegration and thus liberation of thrombo-
kinase.

Total Number and its Variations

The average number of platelets present per cubic
millimetre of blood is about 250,000 to 450,000. Fairly
rapid changes in number take place from day to day
and even from one part of the day to another. 60-75%
of the total platelets are circulating while rest remain
in the spleen. Bone marrow depression, hypersplenism,
viral infections, etc. platelet count decreases while
splenectomy, after administration of epinephrine, etc.
platelet count increases.

METHODS OF COUNTING OF PLATELETS

For avoidance of clumping, an anti-agglutinating agent,
EDTA (ethylenediaminetetra-acetic acid) is generally
used during counting of platelets. This can be done in
ordinary light microscope by direct or indirect method.

In ordinary method, a drop of antiagglutinating
substance is poured over the clear surface of the skin

and a pin puncture is made through the drop. The blood
that comes out is mixed up with the anti-agglutinating
agent and an ordinary blood film is made through it.
The platelet count is made along with the number of
RBC present in each field. It is counted as the number
of platelets present per 100 RBC in each field. If the
erythrocyte count per cubic millimetre is made then
the value of platelets number can be worked out from
the above ratio.

In direct method, the platelet count ismadeby counting
the same along with RBC in counting chamber. In this
method, measured amount of blood and measured
amount of anti-agglutinant along with a dye are taken
in the pipette and are thoroughly mixed. The platelets
and RBC present are counted in a counting chamber.

Development of Platelets

Thrombopoiesis is the process of formation and
development of platelets. The pluripotent stem cell
converts to form colony forming units Meg-CFU which
passes through successive stages to form platelets. The
giant cell (megakaryocytes) of the bone marrow
introduces pseudopodia through the walls of the
sinusoids. These processes are broken off in such a way
that the individual fragment is surrounded by a unit
membrane and are washed away by the blood stream.
The haemocytoblast matures into megakaryoblast,
promegakaryocyte, megakaryocyte and finally into
platelets. These fragments with unit membrane are
platelets (Fig. 16.4).

1. Megakaryoblast: It has size of 20-30 pm. The nucleus
is oval or kidney-shaped with presence of numerous
nuclei. The cytoplasm is blue and non-granular.

2. Promegakaryocyte: The megakaryoblast matures to
promegakaryocyte stage. There is duplication of
nuclear chromatin and the cytoplasm becomes
granular.
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Haemocytoblast Megakaryoblast  Promegakaryocyte  Megakaryocyte Platelets

Stem cell

Fig. 16.4: Formation of platelets

. Megakaryocytes: These are large cell having size of
30-90 nm. Cytoplasm is light blue in colour and has
red-purple granules and nucleus is multilobed.

. Platelet: They are 2-4 pm in diameter. They are
colourless, ovoid or spherical structures. The detail
structure has been discussed above.

FUNCTIONS OF PLATELETS

1. Initiate blood clotting: When blood is shed, the

platelets disintegrate and liberate thromboplastin
which activates prothrombin into thrombin.

2. Repair capillary endothelium: While in the

circulation, the platelets adhere to the damaged
endothelial lining of the capillaries and thus bring
about a speedy repair. It is known that the capillary
walls, being very delicate, are easily damaged and
unless these weak spots are quickly mended, the
vessels will break at these spots and capillary
bleeding will take place. When the platelet count falls
(below 50,000 per cu mm) such capillary bleeding
occurs.

. Haemostatic mechanism: This process seems to
play by the dual functions of platelets such as
agglutination and coagulation. The cessation of
blood flow from ruptured blood vessels takes place
through simultaneous coagulation and agglutination
by platelets.

. Hasten clot retraction: Speed of clot retraction
(syneresis) is directly proportional to the number of
platelets present and this retraction process is
dependent upon the thrombosthenin (contractile
protein of platelets) in presence of ATP and
magnesium ions.

. When platelets disintegrate, 5-hydroxytryptamine
is liberated. 5-hydroxytryptamine (5-HT) has
vasoconstrictor effect and helps in haemostatic
mechanism.

Purpura

There are two types of purpura: Non-thrombocytopenic
(normal platelet levels) and thrombocytopenic (lower platelet
count). In this disease there is diminution of platelets in the
blood. Haemorrhage occurs beneath the skin and mucous
membrane. The appearance of lesions varies with the type of
purpura, the duration of lesions, and the acuteness of the onset.
The colour is first red, becoming gradually darker, then purple,
fading to a brownish yellow. It may result in permanent
pigmentation or it may disappear in course of 2 or 3 weeks
but the damaged capillary endothelium is not repaired. The
coagulation time remains normal but the bleeding time is
prolonged. The clot does not retract.

6. Contain some substances which are like ABO blood
antigens: Platelets may be agglutinated by specific
antisera and in the presence of complement, lysis
may occur.

EXAM-ORIENTED QUESTIONS
Essay
1. Classify white blood cell. Describe leucopoiesis. Describe
the characteristics of all white blood cells.
2. Describe the structure of platelets and its functions.
3. Discuss the functions of platelet. Add note on purpura.

Short Notes
1. Physiological variations in normal count of white blood
corpuscles
Arneth count
Schilling index
Life and fate of leucocytes
Functions of white blood cell
Functions of platelet
Methods of platelet count
Enlist causes for variation in platelet count
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Blood Groups and

Blood Transfusion

BLOOD GROUPS

The blood groups are mainly of three types
a. A, B and O groups

b. Rh factor

c. M and N factors

Some other blood group characteristics (i.e. P,
Lutheran, Lewis and others) excepting the above three
are also present.

A, B and O Groups

The phenomenon of haemoagglutination is due to the
interaction between two factors—agglutinogens*,
present in the corpuscles and agglutinins, present in
the plasma (or serum).

* There are two primary agglutinogens—A and B; and
there are two corresponding agglutinins—a and .
The agglutinogens are inherited as mendelian
dominants.

The corpuscles of a particular subject may contain
only A or only B or both A and B or no agglutinogens
atall, i.e. O. Similarly, the serum may contain only o
or only B or both & and B or no agglutinins.

Agglutinogens
Key Points

1. Agglutinogens start appearing in the sixth week of
foetal life. Concentration gradually rises and at birth.
It reaches one-fourth of the adult level. The adult

level is reached at about puberty.

. Agglutinogens A and B, are polysaccharides. They
are not only found in red cells but in the cells of many
other organs, such as salivary glands, pancreas, liver,
lungs, testes, etc. They are soluble in water and as
such diffuse out into the body fluids.

. Thus, human beings may be out into four groups
according to the nature of the agglutinogens possessed
by their corpuscles. These groups are called O, A, B,
and AB.
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. Group A is subdivided into Al and A2.

. Group AB is also divisible into A1B and A2B.
Approximately 75-80% of group A belong to the
subgroup Al and 60% of group AB, to the subgroup
A1B. The remainder belong to subgroups A2 and
A2B.

. Bernstein postulated that there are threeallelic genes,
A, B, O.

*Agglutinogens are also called isoagglutinogens, isohaemo-
agglutinogens or group specific substance. similarly,
agglutinins are also known as isoagglutinins or isohaemo-
agglutinins. Agglutinogens and agglutinin in ABO blood
group are listed in Table 17.1.

From the Table 17.2 it is evident that group O can
give blood to all but can take only from it own group.
Hence, it is called universal donor. Group AB can take
blood from all (universal recipient) but can give blood
only to its own group. The terms universal donors and
universal recipients are no longer applicable after the
discovery of Rh factor. Group A and B can give blood
to their own groups and also to group AB and can take
blood from their own groups and from group O. Other
combinations are not compatible (Fig. 17.1).

A

B

Fig. 17.1: The direction of the arrows indicates the type of
donors who may give blood to the recipient of another
group. It is self-evident that any patient is able to receive
blood from donor of the same type as himself
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Table 17.1: Agglutinogens and agglutinins in ABO blood group

Group Agglutinogens Agglutinins
present in RBC present in serum
(@] (@) o and B
A A B
B B a
AB A and B Neither o nor B

Table 17.2: Reactions in red cells and plasma in ABO blood group

Donor’s corpuscles Recipient’s plasma

0 o B of
[e) _ _ _ _
A — + — +
B - — + +
AB - + + +

+ means agglutination (i.e. incompatible); — means no agglutination
(i.e. compatible)

The four main ABO groups are listed in Table 17.1.
While testing for compatibility the reaction between the
donor’s corpuscles and recipient’s plasma, and the
donor’s plasma and recipient’s corpuscles should be
taken into account.

Taking into consideration all the above facts, the
reactions between the red cells and plasma of the four
blood groups are summarised in Table 17.2.

Rh Factor

Another important aggluti-
nogens have been demons-
trated (1940) in human red
corpuscles also by Landsteiner
and Wiener. It is the aggluti-
nogens of the rhesus monkey
and is present in 85% of White
people. There is no correspon-
ding agglutinin in the human
plasma.
Recent studies indicate the
Rh factor arenota single entity.
* There are six Rh aggluti-
nogens—C, ¢; D, d; E, e. Of these, D and d are the
commonest. These two will provide three
subgroups—D, Dd and d. D is mendelian
dominant, while d is recessive. Hence, groups D
and Dd (collectively called D group) will be Rh
positive (Rh +ve) and d will be Rh negative (Rh —ve).
* Practically all Rh positive people belong to D
group and Rh negative people to group d.

Karl Landsteiner
1868-1943

Clinical importance: If Rh +ve blood be transfused to
an Rh —ve patient, an anti-Rh factor will develop in the
patient’s blood in about 12 days. If a second transfusion
of same blood be given to such a patient after this
period, haemoagglutination of the donor’s corpuscles
will take place. In other words, blood which was

compatible before has become incompatible now. So
that before transfusion the test for Rh factor should be
carefully done.

Erythroblastosis foetalis: During pregnancy the
foetus may be Rh +ve whereas the mother Rh —ve. The
Rh agglutinogens (slightly present also in the plasma)
from the foetus pass into the maternal blood and
stimulates the formation of anti-Rh factor. This antibody
enters the foetal blood and destroys the red cells of the
foetus. The foetus may die (causing miscarriage) or if
born alive, suffers from severe anaemia (erythroblastosis
foetalis). Such a mother becomes sensitised to Rh factor.
In future if she gets a transfusion of otherwise compa-
tible blood but containing Rh factor, agglutination will
take place.

For the same reason, a Rh negative woman, before
menopause should not be give transfusion of Rh
positive blood. Because, in cases she becomes pregnant
with Rh positive foetus, it can be a problem as described
later.

Rh Factor Details

* Rhagglutinogens: There are six or three pairs of Rh
agglutinogens—C, ¢; D, d; and E, e. C, D and E are
Mendelian dominants, while ¢, d and e are
recessive.

* Humanredcellswill always carry three agglutinogens—
one from each pair, but they will never carry both
the members of any pair. Thus, CDE, CDe, cDE are
possible but CcD and CDd are not.

* Rh +ve and Rh —ve: Groups containing the dominant
agglutinogens, i.e. C, D, E will be Rh +ve. But since,
C and E seldom remain without D practically all
Rh +ve cases contain D, i.e. belong to group D.

e The Rh —ve cases will contains the recessive aggluti-
nogens—c, d and e, and due to similar reasons stated
above belong to group d. Every man carries some
Rh agglutinogen. Majority have D and are Rh +ve.
The rest carry d and are Rh —ve.

¢ All Rh incompatible reactions are due to interactions
between group D (donor) and group d (recipient).

* Rh antibody
— Each of the six agglutinogens has antigenic

property, that is, they can stimulate antibody
formation.

— The corresponding antibodies are known as anti-
C, anti-D, etc. D is strongly antigenic. Others are
very feeble.

— If D cells are repeatedly injected into a Rh —ve
subject, anti-D will develop. This antibody may
be of two types, early and late:
= The early anti-D is formed first and is called

complete antibody. It can agglutinate D cells in
vitro, when they are suspended either in saline
or albumin solution. Hence, it is also known as
saline agglutinin.
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s The late anti-D is formed later and is called
incomplete antibody. It can agglutinate D cells
in vitro, when they are suspended in albumin
solutions only and not in saline solutions.

Specific Agslutinins

1. The specific agglutinins are not present in the foetal
plasma. But maternal agglutinins, being filtered
through the placenta, are found in the foetal plasma.
Only 50% of newborn infants show an appreciable
amount of this agglutinin.

2. Specific agglutinins start appearing from about the
10th day after birth and rises to the maximum at
about the 10th year.

3. Agglutinins, like other antibodies, are found in the
globulin fraction of the serum.

4. They are also present in low dilutions in body fluids
which are rich in proteins, such as milk, lymph
exudates and transudates. They are not found in
urine and cerebrospinal fluid.

5. Haemoagglutinins increase temporarily during
serum sickness and are reduced in leukaemia.

6. Like other antibodies, the concentration of specific
agglutinin varies at all ages from man to man and
even in the same individual under different
conditions. They act best at a lower temperature.

7. The blood group of a particular subject is a fixed
character and does not vary with age, or disease.

8. Non-specific agglutinins may sometimes appear in
the blood which act in cold (at 0°-5°C.) and not at
body temperature. These cold agglutinins may at
times be sufficiently high to case auto-agglutination
at body temperature. For this reason there may be
intra-vascular haemolysis leading to haemoglobinuria
(paroxysmal haemoglobinuria).

Haemolytic Disease of the Newbom

This disease is due to destruction of the Rh +ve RBC in
the foetus by an anti-Rh agglutinin, present in the
mother’s serum, which has filtered through the placenta
during pregnancy. The incompatibility between the
blood of mother and child is caused by the inheritance
of the Rh factor.

Incompatibility of the blood might arise only in case
marked asterisk (*) in Table 17.3 (as in these two groups
the mother is capable of producing an anti-Rh agglutinin
to destroy the Rh +ve RBC), present in the foetus.

In this disease, destruction of the normal RBC leads
to the presence of abnormal nucleated RBC in
circulation. A few hours after birth there is anaemia,
acute jaundice and related symptoms.

M and N Factors: Medicolegal Significance

Besides the A, B O system, other supplementary
agglutinogens have been identified. They are known

Human Physiology

Table 17.3: Genetic combination of rhesus factor

Father Mother Children

Rh +ve/Rh +ve Rh +ve/Rh +ve 100% Rh +ve

Rh +ve/Rh +ve Rh +ve/Rh —ve 50% Rh +ve/Rh +ve
50% Rh +ve/Rh —ve
50% Rh +ve/Rh —ve
25% Rh +ve/Rh +ve
25% Rh —ve/Rh —ve

Rh +ve/Rh —ve Rh +ve/Rh —ve

Rh +ve/Rh —ve Rh —ve/Rh —ve 50% Rh +ve/Rh —ve*
50% Rh —ve/Rh —ve

Rh +ve/Rh +ve Rh —ve/Rh —ve 100% Rh +ve/Rh —ve*

Rh —ve/Rh —ve Rh —ve/Rh —ve 100% Rh —ve/Rh —ve

Table 17.4: M and N factors

Child’s  Parent’s (Father)  Mother’s group Group absent
group  contributory group in father
M M+ M Unrestricted N
N N+ N Unrestricted M
MN M+ N N N
MN M+ N M M

as M and N factors. This will provide three other
independent groups M, N, and MN. These groups are
of no importance for blood transfusion but have got
medicolegal importance, e.g. paternity test.

There are two blood genes in each person,e.g. M + M,
N + N or M + N. If a baby belongs to M group then the
parents must have given M + M. If the baby has got N
group then the parents must have given N + N. If the
baby belongs to MN group then the parents must have
given M + N. In the latter case if the mother’s
supplementary group is N then the father must belong
to group M (Table 17.4). Other amino acids such as
threonine, serine, protein, etc. The specificity of the
blood group substances are dependent on the terminal
components which may be non-reducing sugars
discussed above.

This test can only show that the suspected person
might or might not be the actual father.

In chemical composition, the blood group substances
are nitrogenous, neutral, hetero-polysaccharide contai-
ning d-galactose, methylpentose fucose, d-glucosamine,
d-galactosamine. Present as N-acetyl derivatives.

P System

Landsteiner and Levine in 1927 demonstrated still
another system, P+ and P- by immunisation experi-
ments in rabbits. Subsequently the antigen T1 was
found and was shown to be part of the P system.

BLOOD TRANSFUSION: BLOOD GROUPS

Intravenous administration of blood to help replenish
excess blood loss due to haemorrhage or otherwise, is
known as blood transfusion. It is a most effective
therapeutic tool when judiciously applied.
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Total blood transfusion allows the transfer of those
elements that are required for the defence against
infection, the transport of oxygen, and the formation
of platelet plug (a white thrombus). It permits the
circulating blood to be re-established and corrects
condition of shock and vascular collapse. It also
supplies those clotting factors which are required for
haemostasis. Modern transfusion methods not only
use transfusion of stored blood from bottles in acid
citrate dextrose (ACD) solution but it also uses
cellular transfusions, plasma component transfusions,
plasma transfusions, depending as the case may be,
on the requirement of the patient. The blood may
be stored for two or three weeks in a refrigerator at
+4°C.

Indications for Blood Transfusion

1. Haemorrhage either acute or chronic (especially if
the haemoglobin falls below 40%).

2. Shock in order to increase the blood volume.

3. Blood diseases, e.g. in all varieties of server anaemia
where the haemoglobin is below 40% aplastic
anaemia, haemorrhagic diathesis of the newborn,
haemophilia, purpura haemorrhagica, etc. in
haemorrhagic diseases blood transfusion increases
coagulability.

4. In carbon monoxide poisoning, coal gas poisoning,
etc. where haemoglobin has formed some other
abnormal compounds, blood transfusion provides a
fresh supply of oxyhaemoglobin.

Haemoagglutination: When blood of one species of
animal is mixed with that of another; it is often seen
that the corpuscles are agglutinated first and then
haemolysed. Amongst human beings this phenomenon
of haemoagglutination is also seen. The red corpuscles
of one subject may be agglutinated by the serum or
plasma of another.

These facts are of extreme importance in connection
with blood transfusion. In various diseases, it is
sometimes necessary to inject a large quantity (even
500 ml) of blood, taken from a healthy man (donor),
directly into the vein of the patient (recipient). If the
two bloods be not compatible haemolysis of the
donor’s corpuscles will take place, leading to
disastrous effects to the recipient. For this reason,
before undertaking blood transfusion, compatibility
between the donor’s blood and the recipient’s blood
must be carefully tested.

Autologous Transfusion

A procedure to withdraw the patients own blood in
advance of elective surgery and then infuse this blood

back if transfusion is needed during surgery has become
popular.

Mismatched Blood Transfusion

The symptoms of a haemolytic transfusion reaction
most often appear during or right after the transfusion.
Symptoms include head, chest and flank pain, fever,
chills, flushing, rigors, nausea and vomiting, urticaria,
dyspnoea and hypotension. The further complications
include haemoglobinuria, disseminated intra-vascular
coagulation, transfusion related lung injury which
manifest with signs of hypoxaemia, dyspnoea, cyanosis,
fever, tachycardia and hypotension. The haemoglobinuria
may further lead to anuria and still further may
progress to renal failure. Mismatched blood transfusion
leads to red blood cell haemolysis which releases
haemoglobin which gets converted tobilirubin producing
haemolytic jaundice. There is also risk of transmission
of infections like malaria, syphilis, AIDS, etc.

BLOOD BANK

Maintenance of a constant volume of blood is essential
for our life. If due to any reason, there is excessive loss
of blood, it must be transfused from other sources. Due
to this reason blood should always be kept handy for
emergency and establishment of blood bank is essential
in every hospital. So, blood bank is a specialised medical
centre which collects and stores human blood for
transfusion. The blood thus collected is separated into
fractions, each of which has a particular use, serum,
red cells, white cells, platelets, etc.

* Whole blood in presence of acid citrate as anti-
coagulant can be preserved with dextrose solution
at +4°C for several weeks.

* Red cells kept in such a condition are destroyed in a
similar way as the normal RBC and so older samples
contain lesser number of cells.

* Frozenseparated plasma canbe kept for years at—20°C.

* Lyophilised (frozen dried) plasma, from which the
water has been removed, can even be stored at room
temperature. Required amount of water is added to
it during use.

EXAM-ORIENTED QUESTIONS
Short Notes

1. Classify blood group

ABO blood group system

Rh factor

Indication of blood transfusion
Mismatched blood transfusion

Storage of blood

Significance of MN blood group system

No kW
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Formation of Tissue Fluids

INTRODUCTION

Tissue fluid is formed from the plasma by process of
diffusion and filtration. This fluid occupies the intra-
cellular space and forms the connecting link in the
transport of nutrition, gases and the metabolic end
products between blood capillaries, tissue cells and the
lymph. It constitutes the internal environment of the
body, which surrounds tissue cells.

Tissue fluid is derived from two sources:

Blood capillaries: The amount of tissue fluid formed
from blood depends upon:

a. Capillary permeability.

b. The difference of pressure between the capillary
and the tissue fluid.

The difference of colloidal osmotic pressure of
blood and tissue fluid.

Itis obvious that anything that increases the capillary
permeability will increase the amount of tissue fluid
formed. Regarding blood pressure and osmotic
pressure, it is known that at the arterial end of
capillaries, the average blood pressure is about 32 mm
of Hgand at the venous end, 10 mm of Hg. The colloidal

C.

Arterial end

Blood capillary

osmotic pressure at both ends is same (25 mm of Hg on
the average). At the arterial end, the net filtration
pressure which is the difference between the two is
7 mm of Hg towards the tissue (interstitial) fluid. At the
venous end due to fall in blood or hydrostatic pressure,
the filtration pressure is 15 mm of Hg to the opposite
side, i.e. from tissue fluid to the capillary (Fig. 18.1).

Tissue Activities

The amount of tissue fluid formed from the tissue cells
depends upon the degree of metabolic activity of the
cells. Tissue cells produce water as an end product of
metabolism. This metabolic water is added to the
already existing tissue fluid. Morethe degree of activity
more will be the metabolic water formed and conse-
quently the amount of tissue fluid will increase.

Two important exceptions to the capillary pressure
are:

a. In capillaries of the lungs, hydrostatic pressure
is about 6 mm of Hg

b. Incapillaries of the kidneys, glomerular hydrostatic
pressure is about 60 to 70 mm of Hg.

Venous end

Hydrostatic pressure

Hydrostatic pressure

32 mm of Hg —— Blood — 10 mm of Hg

Filtration pressure osmotic pressure Filtration pressure

32-25 =7 mm of Hg 25 mm of Hg 10—25 = -15 mm of Hg
| | —*  Tissue fluid > T T
Yy

o olle

| Tissue fluid _!

|

v L 4
— Lymph capillary —»

Fig. 18.1: Tissue fluid formation
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If the hydrostatic pressure is increased within
capillaries, then it will interfere the return of materials
to the lymphatics or capillaries and will result in excess
accumulation of tissue fluid (i.e. oedema).

Composition of Tissue Fluid

Its composition is same as that of lymph, except that
its protein content is negligible; and as such, its
colloidal osmotic pressure is very low. The specific
gravity of the tissue fluid is about 1.015 to 1.023. It
may contain a few erythrocytes. But regarding the
white cells, the tissue fluid contains a good number
of lymphocytes and a small number of granulocytes.
Blood proteins and nutrient contents of it are very low.
It does not contain platelets and may also clot, but
with a very slow process. It contains higher
concentration of waste products but glucose, salt and
water contents are more or less same as those are
present in blood.

Functions of Tissue Fluid

1. It constitutes the internal medium in which the tissue
cells are bathed. The cells draw in oxygen and
nutrition from the tissue fluid and excrete their
metabolites into it. Hence, tissue fluid may be
regarded as the medium which supplies all the
immediate requirements of the cell.

2. It acts as a great reservoir of water, salts, nutrition,
etc. This function is very important.

3. Under any condition, in which the blood volume is
increased or diminished, physical forces are set up
by which the blood volume is kept constant with the
help of the tissue reserve. Forexample in haemorrhage,
the capillary pressure becomes very low and goes
below the colloidal osmotic pressure in the capillary
which remains same.

4. Restores blood volume: Due to this higher OP in
the capillaries, water is drawn in from the tissue
spaces, so thatblood volume is restored. When water
is drawn away from blood, such as due to diuresis,
excessive sweating or diarrhoea, blood volume and
blood pressure will be lowered, but the plasma
proteins will be more concentrated. This will
increase the colloidal OP of blood. This increased
osmotic pressure of plasma and reduced blood
pressure will increase the rate of absorption from
the tissue fluid, and thus blood volume will be kept
constant.

On the other hand, when blood volume increases,
as for instance, by intravenous injection of large
quantities of isotonic saline, fluid will pass out into
the tissue spaces due to two causes:

1. Saline will dilute the colloids and reduce the
colloidal osmotic pressure.

2. Increased volume of blood will raise the blood
pressure and cause more filtration. Both these

factors will cause more fluid to run out into the
tissue spaces, until blood volume comes back to
the original level.

OEDEMA AND ITS CAUSES
Aggregation of Tissue Fluid

1. Swelling or oedema observed sometimes in different
parts of the body is due to the aggregation of the
tissue fluid. This might result from several factors:

2. Increased capillary permeability resulting from
dilated, damaged or inflammated capillary.

3. Increasein the capillary pressure which might be due
to changes in posture (in lower extremities it is due
to continued standing), obstruction to veins or rise in
the venous pressure as observed in the cardiac failure.

4. Blockage of lymphatic nodes or vessels, as a result
of inflammation of the node or blockage by very
small worms like that of filaria.

5. Loss of the plasma proteins whether due to
malnutrition or excessive loss resulting from the
renal damage, causes decrease in plasma osmotic
pressure and excessive aggregation of the tissue fluid.

6. Renal disease causes impairment of excretion of urine
and the resulting water retention causes increase in
the tissue fluid.

7. Unfamiliar exercise might cause swelling due to
accumulation of metabolites.

8. Ingestion of a large amount of salts results in
retention of water. Adrenal cortical extract also
produces similar effects.

LYMPH AND LYMPHATICS

Characteristic Features

1. The lymphatic vessels at the periphery are
microscopic blind (closed) end vessels, known as
lymphaticcapillaries. These tiny vessels are situated
in the intercellular spaces and their walls formed by
endothelial cells supported by the fibrous connective
tissue (Fig. 18.2). These capillaries repeatedly join
together to form bigger lymphatic vessels, which
pass through the lymph nodes, receive more
tributaries and gradually increase in size.

2. All the lymph from the body is finally collected into
two big channels—the right lymphatic duct and the
thoracic duct (or left lymphatic), which open
respectively at the right and left subclavian veins.
The right lymphatic duct, about 1.25 cm long, drains
from the right forelimb and the right side of the neck
and chest (Fig. 18.3).

3. The thoracic duct, being about 38-45 cm long and
about 4-6 mm in diameter, emerges from the cisterna
(receptaculum) chyli and also receives the left
cervical duct, which collects lymph from the left
forelimb, left side of the neck and chest. The cisterna
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Water, colloids and non-colloidal
materials entering lymph capillary
|

Alveolus
of a gland

Water and non-colloidal materials
returning to blood capillary

Fig. 18.2: Relationship of blood capillaries (containing RBC)
to lymph capillaries

chyli, being situated on the front of the body of the
second lumbar vertebra, receives all the lymph
coming from two hind limbs and alimentary canal
(Fig. 18.3).

4. The lymphatic vessels are provided with valves
whichhelp thelymphstream to flow in the direction
of the chest.

5. The primary lymphatic vessels that remain in the
centre of small intestinal villi are known as lacteals
and during the course of digestion lacteals are filled
with milk-white fluid, chyle.

6. The chemical composition of chyle,except for its high
fat content, is similar to that of the lymph in other
parts of the body. In the central nervous system there
are no lymphatics. Here, cerebrospinal fluid takes
the place of lymph.

7. Lymphatic capillaries are not also found in the
cartilage, spleen, epidermis, internal ear and eyeball.

8. The function of lymphatics is to carry tissue fluid
from tissues to veins and the return of water and
protein from the interstitial fluid to blood from which
they come. And the function of lacteals is to help in
the absorption of digested food materials generally
fats from the intestine.

PROPERTIES OF LYMPH

Lymph should be regarded as modified tissue fluid. Lymph
is the clear watery-appearing fluid found in lymphatic
vessels and is formed by the passage of substances from

Human Physiology

blood capillaries into tissue spaces. After a fatty food,
the lymph of the thoracic duct appears milky due to
the presence of minute droplets of emulsified fat
absorbed from the alimentary canal.

COMPOSITION OF LYMPH

Microscopic examination of lymph depicts that it
contains a large number of leucocytes (mostly
lymphocytes) ranging from 500 to 75,000 per cu mm.
No blood platelets present. The composition of the non-
cellular part of lymph (fasting) is as follows: Water: 94%
and solids: 6%.

Solids

Protein: Total protein content is roughly half that of
plasma and varies from 2 to 4.5%.

Fats: In fasting condition fat content is low but after a
fatty diet it may be 5-15%.

Carbohydrates: Sugar, 132.2 mg per 100 ml (dog’s
plasma contains 123 mg per 100 ml on the average).

Other constituents (expressed in mg per 100 ml): Urea,
23.5 mg (plasma, 21.7 mg); non-protein nitrogenous
substance, 34.8 mg (plasma 32.6 mg); creatinine, 1.4 mg
(plasma 1.37 mg); chlorides, 711 mg (plasma 678 mg);
total phosphorus, 11.8 mg (plasma 22 mg); inorganic
phosphorus 5.9 mg (plasma 5.6 mg) and calcium is
9.84 mg (plasma 11.7 mg). Enzymes and antibodies are
also present.

Rate of Flow

Rate of flow of lymph along the human thoracic duct is
from 1 to 1.5 ml per minute. In dogs, it is much higher.
Lymphatogogue is the substance that increases the rate
of lymph flow. Regulation of the rate of lymph flow
depends upon (a) interstitial pressure, (b) arterial
pulsation, (c) intra-thoracic pressure, and (d) muscular
massage.

FACTORS RESPONSIBLE FOR FORMATION OF
LYMPH

Since lymph is formed from tissue fluid, anything that
increases the amount of tissue fluid will increase the
rate of lymph formation. Lymph formation depends
upon physical factors. There is no vital secretory process
involved in it.
The following factors are responsible for lymph
formation:
1. Capillary pressure: If the capillary pressure is
raised, the rate of lymph formation increases.
This is seen in venous obstruction. (But after
some time, the rate slows down due to increased
accumulation of fluid in the tissue spaces and
the consequent rise of hydrostatic pressure of the
tissue fluid.)
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Occipital lymph node ——— .,
Cervical lymph node
Right subclavian artery

Palmar plexus

Right lymphatic duct

Right subclavian vein

Brachiocephalic
(innominate) vein

Intercostal lymph nodes ———

Parotid lymph node

Facial lymph node

Submaxillary lymph node
Common carotid artery

Brachiocephalic (innominate) artery

Intfernal jugular vein
_—Thoracic duct

G Deltoid lymph node

. Left subclavian vein

/3 +— Axillary lymph node

—— Mammary plexus

Intfercostal vein

Lymphatic vessel
Small intestinal lymph node

Large intestinal lymph node

Azygos vein——

Lumbar lymph node

Cisterna chyli

llial lymnph node

Superficial inguinal lymph node

Popliteal lymph node

Fig. 18.3: Anatomical organisation of lymph circulation; Note: Shaded portion showing the regions of the body from
which lymph flows into the right lymphatic duct and the other area representing lymph, from all the rest of the body,
which enters the general circulation by way of the thoracic duct

2. Permeability of the capillary wall: Under any 3. Substances that alter the osmotic pressure: Anything

condition, where the permeability of the capillary

wall is increased, more tissue fluid will be formed

and consequently more lymph. The following
factors increase capillary permeability:

* Rise in temperature: Increased temperature of
a particular locality increases capillary
permeability.

* Substances acting directly on the capillary wall:
Peptone, foreign proteins, histamine and
extracts of strawberries, crayfish, mussels,
leech, etc. exert an injurious effect upon the
capillaries and thereby increase their permea-
bility.

* Reduced oxygen supply: Under conditions of
oxygen lack lymph flow increases due to
higher permeability of the vessels. It acts
probably by damaging the capillary endothe-
lium. Anoxia, anaemia, stasis of blood due to
vascular congestion, produces such results.

that reduces the colloidal osmotic pressure of
blood will increase the formation of tissue fluid
and lymph. Normal or hypotonic saline, when
given intravenously, will dilute the plasma
colloids and reduce the osmotic pressure.
Moreover, blood pressure will be raised. Both
these factors will favour formation of tissue fluid
and lymph.

. Hypertonic solutions will exert the same effect

in a better way. Hypertonic solutions, introduced
in the blood, will draw in more fluid from the
tissue spaces at first and will increase the blood
volume further. Blood pressure will be raised to
a great extent, and plasma colloids will be further
diluted. In this way hypertonic solutions will
increase the formation of lymph much more than
the normal or hypotonic solutions. Solutions of
NaCl, glucose, Na,SO,, etc. may be used for this
purpose.
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5. Increased metabolic activity of an organ: Increased
activity of a particular area increases the flow of
lymph in the locality. It is due to:

e Formation of more metabolites which
increase the osmotic pressure of the tissue
fluid.

* Local vasodilatation and increased capillary
pressure and permeability.

¢ Relative anoxia.

* Increased temperature of the locality.

The last two also act by increasing the capillary

permeability.

6. Massage and passive movements: These increase
lymphatic flow to some extent just like active
muscular contraction.

Functions of Lymph

1. Nutritive: It supplies nutrition and oxygen to those
parts where blood cannot reach.

2. Drainage: It drains away excess tissue fluid and the
metabolites and in this way tries to maintain the
volume and composition of tissue fluid constant.

3. Transmission of proteins: Lymph returns proteins
to the blood from the tissue spaces.

4. Absorption of fats: Fats from the intestine are also
absorbed through the lymphatics.

5. Defensive: The lymphocytes and monocytes of
lymph act as defensive cells of the body. The
lymphatics also remove bacteria from tissues.

Germinal centre
(secondary nodule)

Reticuloendothelial
cells

Cortical nodule
(primary nodule)

Medullary cord

Medullary trabecula

Efferent lymph valve

Artery

Human Physiology

LYMPH NODE

Structure of Lymph Node

Lymph node is small, oval or bean-shaped body. It is a
collection of lymphoid tissue enclosed in a connective
tissue capsule and lying along the lymphatic stream.
From the capsule, strands of tissue pass into the
substance of the node and are known as the connective
tissue trabeculae. Histologically, the node can be
divided into an outer part—the cortex, and an inner
part—the medulla (Fig. 18.4).

Cortex: The lymphoid tissues remain scattered
throughout the node but in the cortex they are found
in especially collected islands—the lymphoid nodules
or follicles which vary from 0.35 to 1 mm in diameter.
These nodules remain arranged parallel to the surface,
sometimes two or three layers deep. Each lymph
nodule is pierced by a small blood vessel and shows a
less dense area at its centre, which takes a lighter stain.
Surrounding this lighter zone there is a wider area
packed with lymphocytes. The central zone (lighter)
is called the germinal centre or secondary nodule,
whereas the peripheral area is called the cortical
nodule or primary nodule. These lymph nodules are
separated from the trabeculae and capsule by blood
sinuses.

Medulla: The medulla of the lymph node is much less
dense than the cortex and is devoid of lymphatic
nodules. It consists of scattered lymph cells, different

' \/ Afferent lymph vessel

Capsule

Lymphatic nodule

Medullary sinuses

Hilus (hilum)

Efferent lymph capillary

Vein

Fig. 18.4: Structure of a lymph node. Efferent lymph capillaries leave the lymph node at the hilus (hilum). The artery and
the vein enter and leave at the hilus (diagrammatic representation)
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varieties of reticuloendothelial cells and sometimes a
few multi-nucleated giant cells (Fig. 18.5).

Hilus (hilum): At one side of the node there is a
depression, known as the hilus were the capsule is
thickened. Here the cortical part becomes very much
thin and the medulla comes to the surface. At the hilus
the node is pierced by three vessels—an artery, a vein,
and the efferent lymph channel. The artery after
entering the node breaks up into numerous arterioles
which proceed at first along the trabeculae and then
each arteriole breaks up into a bunch of capillaries
which becomes surrounded by masses of lymphatic
cells. The capillaries are then collected into venules,
which join repeatedly to form the main vein thatleaves
the node through the hilus. The nerves supplying the
lymph nodes are non-medullated autonomic fibres,
which are distributed to the plain muscles in the blood
vessels, the capsule and the trabeculae.

Functions of Lymph Node

1. They produce and supply lymphocytes to the blood
and as a supportive function the trabeculae carry
blood vessels which supply the node.

2. They make screening of the lymph by means of
phagocytic activity.

3. They serve a great defensive role against bacterial
infections (Fig. 18.5).

4. They temporarily stop the spread of cancer cells as
those cells have to penetrate through the lymph

Reticulo-

Lymphocytes endothelial cells

Lymphoblasts
Fig. 18.5: Cells found in lymph node

vessels to the lymph nodes from where they spread
in the body.

5. They act as mechanical filters to resist the entrance
of poisonous substances into circulation.

6. They carry out immunological responses. They help
in elaboration of antibodies and in the development
of immunity.

7. Lymph nodes produce y-globulin.

Spleen

Spleen (lien) is the largest lymphoid tissue in the body
and specialised, been-shaped organ for filtering blood.
It is a highly vascular haemopoietic organ situated in
the left hypochondrium directly beneath the diaphragm,
above the left kidney and descending colon, behind the
fundus of the stomach and weighing about 150 gm in
adult. It also plays an important role in the metabolism
and defense mechanism of the body. There are no
afferent lymphatic vessels.

Structure of Spleen

Histologically it consists of (Fig. 18.6):

e Capsule with its outer covering the peritoneum

e Trabeculae with blood vessels or without blood
vessels hilus (hilum)

White pulp scattered throughout the red pulp.

Red pulp

Reticular meshwork

Blood vessels.

Spleen is covered by a connective tissue capsule
which is again enveloped by a serous membrane, the
peritoneum. The peritoneum is closely adherent to the
outside of the capsule. The capsule is deeply indented
at the medial aspect of the organ and this indentation
is known as hilus (hilum) of the spleen. Blood vessels,
lymphatics and nerves pass through the hilus. From
the inner surface of the capsule and from the hilus,
many trabecualeradiate into the substance of the spleen
and subdivide or delineate the organ into many
communicating compartments or lobules. Each lobule
is supplied with blood vessels that run along with the
trabeculae. The lobules are not distinct because these
are not completely surrounded by trabeculae.

Splenic Pulp

The parenchymal tissue which is enclosed within the
capsule is the splenic pulp. The splenic pulp is of two
distinct types: (1) White pulp and (2) red pulp. The
white pulp is composed of typical lymphatic tissue
whereas the red pulp is composed of an atypical
lymphatic tissue.

1. White pulp: In a freshly sectioned spleen the white
pulps are seen scattered all throughout the red pulp
as grey patches. These grey patches at early periods
were described as Malpighian bodies. But for
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Trabecula

Capsule

Central artery

— Venous sinuses
in red pulp

Germinal centre
(secondary nodule)

Vein in tfrabecula

Artferiole in
red pulp

Fig. 18.6: Histological structure of spleen

confusion these terminology has been avoided in the
literature in case of spleen and instead, white pulp
has been used.

The white pulp is the accumulation of lymphatic
tissue surrounding major arterial vessels of the
spleen. This lymphatic tissue is comprised of
lymphocytes, plasma cells, macrophages or other free
cells lying in the meshwork of reticular fibres. In the
white pulp, two distinct components are seen. As
the arteries leave the trabeculae and enter the splenic
parenchyma, the vessels lose its adventitia and are
replaced by reticular tissue followed by invasion
with lymphocyte. This constitutes the periarterial
lymphatic sheath of the white pulp. At various
points along the course of the vessels where the
infiltration of lymphocytes is greater, it forms
spherical or ovoid nodules, called splenic nodules
of white pulp. The splenic nodules may have typical
germinal centres.

. Red pulp: It is a modified lymphatic tissue and is

mostly infiltrated with cells of the circulating blood.
It consists of two components:

e Splenic sinuses or sinusoids: These are long vascular
channels having 35 to 40 ym in diameter. They
may have an irregular course and may vary in
diameter. They extend throughout the red pulp.

e Splenic (or Billroth) cords: They appear as continuous
partitions in between the sinuses. These cellular
cords ultimately form a spongy network of
modified lymphatic tissue that gradually merges
into the white pulp. In mammalian embryos the
red pulp contains myelocytes, erythroblasts and
also megakaryocytes. These types of cells are not
present in adult spleen except in certain
pathological conditions.

Marginal Zone

It is the junctional region in between the white pulp
and the red pulp, and consists of a meshwork of
branched reticular cells in association with extracellular
reticulum, into which many arterial vessels open.

Blood Vessels and Nature of Blood Circulation

At the hilus of the spleen, arteries enter and divide
into several trabecular branches. The trabecular
(interlobular) branches pass along the trabeculae and
after coursing for a certain distance the arteries may
enter the splenic parenchyma. After entering the
splenic parenchyma the artery loses its adventitia and
takes the character of reticular tissue and afterwards
become infiltrated with lymphocyte. In this way the
vessels are ensheathed with lymphocyte constituting
the periarterial lymphatic sheath. Along the blood
vessels and at various points there are greater
infiltrations of lymphocyte forming the so-called
splenic nodule of the white pulp.

Thus, after leaving the trabeculae as central artery
or arteriole passes through the white pulp where it gives
off several branches. From here arterioles enter the red
pulp. Here the arteriole is subdivided into several
branches and as these vessels lie close like a brush, are
called penicillar vessels. These penicillar vessels have
three distinct successive components; the first long
portion having thin smooth muscle is known as pulp
arteriole; the middle one having thick sheath is known
as sheathed arteriole or ellipsoid or Schweigger-Seidel
sheath, the terminal one is arterial capillaries one to
two in number. The arterial capillary ultimately ends
in the splenic venous sinuses. The blood from the
splenic venous sinuses empty into the pulp vein which
combines to form the large veins and ultimately blood
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return in the trabecular vein. In the hilus many
trabecular veins join to form splenic veins and as such
leave the spleen (Figs 18.7 and Fig. 18.8).

FUNCTIONS OF SPLEEN

1. Formation of blood: In the embryo, the spleen
functions as a haemopoietic organ of some
importance butinnormal adult life it never functions
in the formation of RBC. In some pathological
conditions, the spleen may undergo myeloid
metaplasia and a large number of erythroblasts,
megakaryocytes and myelocytes appear in the tissue.

2. Blood destruction: The old red cells and white cells
are destroyed by the RE cells of the spleen. Spleen
has got some influence on the formation of platelets.
In thrombocytopenic purpura, splenectomy causes
increase in the number of platelets in the blood.
Haemoglobin breaks down and formation of
bilirubin also takes place in the spleen (biligenic
function). Thus, in the post-natal life, spleen acts as
a filter, which removes the old useless cells and
allows only the young active cells to pass into the
circulation.

Arterial
capillary

According to ‘closed theory’
arteriole opening directly
intfo splenic sinusoids

Splenic venous sinuses

Red pulp ——

Central arteriole

Central artery

Trabecular vein

Trabecular artery

Trabecula from
hilus (hilum)
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3. Reservoir of blood: Spleen acts as a great reservoir
of blood. It is observed that the spleen may release
about 150 ml of blood (mainly erythrocytes) to
circulation. In cat, as much as one-sixth of the total
blood volume or one-third of the total red cells may
remain in the spleen. In anoxic conditions (such as
in haemorrhage, asphyxia, severe muscular exercise,
high altitude, etc.), spleen contracts and sends out
the stored blood into the general circulation.
Adrenaline injections also have the same effect. All
these conditions stimulate the sympathetic system,
which causes contraction of spleen. In carbon
monoxide (CO) poisoning, this is a great help. Due
to the presence of slow circulation in the spleen, CO
cannot saturate all the splenic red cells. When spleen
contracts these healthy red cells are turned out into
the circulation and are used for carrying oxygen.

4. Relation to storage and metabolism
Pigment metabolism: Haemoglobin is broken down
into haem and globin, the haem is further split into
iron and pigment haematoidin, which becomes
bilirubin of the plasma.

Iron metabolism: The iron that is liberated from
haemoglobin is at first stored in the splenic pulp cells.

Capsule Mesothelial cell lining

Penicillar artery

Red pulp arteriole

Ellipsoid
(sheathed arteriole)

Germinal centre

Splenic nodule
in white pulp

Periarterial lymph
sheath of white pulp

According to open theory
arteriole opening into pulp
cords (mesh) between splenic
sinusoids

Fig. 18.7: Anatomy of circulation in a splenic lobule showing both closed and open circulation (diagrammatic

representation)
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Fig. 18.8: Anatomy of circulation in spleen

Then it is gradually transferred to other places, being

carried by the monocytes and the detached RE cells.

It is specially taken to the liver for storage and to the

bone marrow for further haemoglobin synthesis.

After splenectomy this storage function suffers and

more iron is lost and iron-containing pigment

haemosiderin (storage form) are deposited in the

spleen.

5. Defensive action

* Many pyroninophil cells (probably plasma cells)
are found in the splenic red pulp and hence the
spleen is a chief site of immune body formation.
Splenectomised animals cannot be immunized
against tetanus toxin. Such animals easily
succumb under intercurrent infection.

* The RE cells engulf bacteria, parasites like those
of Leishman-Donovan bodies in kala-azar and
foreign particles.

* The pulp cells unite with certain toxins, especially
of diphtheria and remove them from general
circulation.

¢ The lymphoid cells of spleen also react against
infections.

6. Manufactures haemolysin: When red cells of one
species are repeatedly injected in another, a specific
haemolysin is formed in the spleen.

Clinical cases have been reported, where spleen was
found to elaborate a haemolysin-causing severe
haemolytic anaemia in the patients. After splenectomy
such cases were cured. From such evidence it is thought

Human Physiology

that spleen is either normally concerned with actual
haemolysis of old red cells or prepares them for final
haemolysis.

Classification, Varieties and Distribution of
RE Cells (Fig. 18.9)

The cells of the RE system may be divided into two
large groups.

Fixed Reticulo-endothelial Cells

They include the following varieties:

The tissue histiocytes: They are found in the connective
tissues and loose areolar tissue of the serous
membranes, viz., omentum,, pleura, etc. Although they
are generally fixed, yet, under suitable stimulus (such
as inflammation), these cells may become actively
motile.

The reticulum cells of the spleen, lymphatic node
and bone marrow: They remain in the reticular
spaces of these organs. These are large cells and
remain joined to one another by long branching
processes. Under suitable stimulus they may be actively
motile.

This method is generally adopted for staining the
cells of this system. The vital dye is intravenously
injected, the animal is then killed and the various tissues
and organs examined under microscope.

* The endothelial cells: They are present in the lining
membrane of the blood sinuses of spleen, bone
marrow, adrenal cortex, pituitary, liver, etc. In the
liver they appear as large, flat, stellate cells lining
the blood capillaries and are known as the Kupffer
cells.

* Microglia: These are small cells found in the central
nervous system.

Wandering Reticulo-endothelial Cells

They comprise the following varieties:

* The wandering histiocytes: These are large
wandering cells found in the omentum, splenic
pulp, lymph nodes, bone marrow, etc. Due to their
large size they are also called macrophages.
Sometimes they may contain many nuclei, for
instance, osteoclasts and megakaryocytes of the
bone marrow. In addition to these the fixed tissue
histiocytes, described above, may become wande-
ring.

* The wandering RE cells of the blood stream: They are of
two varieties:

1. The normal monocytes of blood.

2. Abnormal foreign cells which generally remain
in the tissues but enter the blood stream under
the influence of some pathological stimulus. Such
cells are found in leukaemia, bacterial endocar-
ditis, etc.
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Phagocytic cell of
bone molrrow
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Phagocytic stellate cell
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Fig.18.9: Different types of cells in reticulo-endothelial (macrophage) system (diagrammatic representation)

FUNCTIONS OF THE RETICULO-ENDOTHELIAL
SYSTEM

1.

Phagocytosis: This is the main characteristic
property of this system of cells. They engulf foreign
particles, bacteria and parasites and in this way,
act as a great defensive mechanism.

Formation of antibodies: The antitoxic and
antibacterial bodies are manufactured by this
system. This is also a great protective mechanism.
Formation of RBC: Red blood cells develop from
the RE cells. Turnbull holds that they develop from
the extravascular RE cells (haemocytoblasts).
Formation of leucocytes: The granulocytes,
lymphocytes and monocytes are all derived from
the RE system.

. Destruction of red cells and white cells: The senile

red cells and white cells are engulfed and destroyed
by the RE cells. In adult life, it takes place chiefly in
the spleen and liver.

Scavengers of tissue debris and bacteria in infec-
tions processes: The RE cells help in the scavenging
process.

Formation of bile pigments: The RE cells manufac-
ture bilirubin from haemoglobin.

8.

9.

10.

Storage function: A large amount of lipids,
cholesterol and iron are stored in the RE cells.

Manufacture of plasma proteins: Serum globulin
and certain other plasma proteins are manufac-
tured, to some extent, by the RE cells.

Formation of tissue cells: Since the cells of this
system are undifferentiated, they can be converted
into ordinary connective tissue cells, such as
fibroblasts, under suitable stimulus. This is seen
during repair stage of inflammatory process.

EXAM-ORIENTED QUESTIONS
Essay

1.
2.
3.
4.

Explain in details the tissue fluid formation

Discuss the formation and circulation of lymph
Describe the structure of spleen and its functions
Describe the reticulo-endothelial system and its functions

Short Notes

1.

LAawb

Oedema

Functions of lymph

Functions of lymph node

Functions of spleen

Functions of reticulo-endothelial system
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Immunity

INTRODUCTION

The resistance exhibited by the host towards injury
caused by micro-organisms and other products is
termed as immunity. In the process of immunity the
non-self molecules are to be destroyed and self
molecules are to be preserved.

Body responds to antigenic response by innate
defense and adaptive defense.

Innate immunity: The inherited immunity possesses
by an individual in virtue of his genetic and
constitutional make up. It is a non-specific system
which responds quickly and consists of the following.

Innate Defenses

1. First line of defense

a. Skin, mucous membranes, and their secretions
make up the first line of defense. The keratin in
the skin acts as a physical barrier to most micro-
organisms. They are resistant to weak acids and
bases, toxins and bacterial enzymes. The
epithelial membranes produce protective
chemicals that destroy micro-organisms: Skin
acidity (pH of 3 to 5) inhibits bacterial growth
while sebum containsinsoluble fatty acids which
possess broad antimicrobial activity.

b. The stomach mucosaealso provideidenticalmecha-
nical barriers. The stomach mucosae secrete
concentrated HCland protein-digesting enzymes.

c. The mucus aids in trapping micro-organisms
which enter the digestive and respiratory
systems. The upper respiratory tract mucosa is
ciliated. The cilia sweep micro-particles (air
pollutants) and bacteria laden mucus away from
lower respiratory passages.

2. Second line of defense: This is nonspecific cellular
and chemical components in human body to protect
itself from infections such as:

a. Phagocytes
b. Natural killer (NK) cells
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c. Inflammatory response enlists macrophages,

mast cells, WBCs, and chemicals

. Antimicrobial proteins in blood and tissue fluid

Phagocytes: The macrophages are the main
phagocytic cells in human body. The Kupffer
cells (liver), alveolar macrophages (lung),
osteoclast (bone), histiocytes (lymph nodes) and
microglia (brain) are the fixed macrophages
while others are mobile and circulate throughout
a region in search of cellular debris. Process of
phagocytosis: The microbes adhere to the phago-
cyte. The pseudopods of the invaded cell engulf
the antigen into a phagosome. There is fusion of
phagosomes with a lysosome to form a phagoly-
sosome. The antigens in the phagolysosome are
digested by proteolytic enzymes. The residual
material is removed by exocytosis.

Natural killer cells: These are a small, distinct
group of large granular lymphocytes. They kill
the target cells by releasing cytolytic chemicals
and perforins. They react non-specifically and
remove cancerous and virus-infected cells. They
secrete vital chemicals which enhance the
inflammatory response.

Inflammatory response: Role of macrophages, mast
cells, WBCs, and chemicals: The inflammatory
response is initiated on injury of a body tissue to
prevent the spread of infection to nearby tissues,
and set the process of repair so as to dispose of
cell debris and pathogens. The signs of acute
inflammation are redness, heat, swelling, and
pain. The inflammatory mediators are released
by injured tissue, phagocytes, lymphocytes, and
mast cells. These include kinins, prostaglandins
(PGs), complement, and cytokines. They produce
vasodilatation locally at site of injury resulting
in hyperaemia. The mediators release exudates
(fluid containing proteins, clotting factors, and
antibodies) which enter into tissue spaces
causing local edema (swelling), which produces
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the sensation of pain. The protein-rich fluids
which enter into tissue spaces (edema) help to
dilute harmful substances, carry over large
quantities of oxygen and nutrients needed for
repair and also allow entry of clotting proteins,
which prevent the spread of bacteria. There is
infiltration of damaged area by neutrophils and
monocytes macrophages.

The events occur in four main phases:

* Leukocytosis: Neutrophils are released from the
bone marrow in response to leukocytosis-inducing
factors released by injured cells.

* Margination: The neutrophils adhere to the walls
of capillaries in the injured area.

* Diapedesis: The neutrophils squeeze through
capillary walls and begin phagocytosis.

* Chemotaxis: The inflammatory chemicals attract
neutrophils to the injury site.

As the inflammatory process continues the
monocytes diapedesis into the inflammatory area and
become macrophages. The macrophages engulfs the
cellular debris and pathogens. Further the activation
of the complement cascade and other adaptive
immunity process take over for defense.

3. Anti-microbial proteins: These proteins defend
infection by hindering the micro-organisms’ repro-
ductive process. The vitally important antimicrobial
proteins are: Interferon and complement proteins.

1. Interferon: Some of the cells produce and release
interferons (IFNs) on being invaded by virus. The
lymphocytes secrete gamma (y) interferon,
leucocytes secrete alpha (o) interferon while
fibroblasts secrete beta (B) interferon. The
released interferons stimulate neighbouring cells
to produce proteins (PKR) that interfere with
viral replication.

2. Complement: These are group of about 20 proteins
that are activated by the foreign antigens. They
enhance both innate and adaptive defenses and
thereby the inflammation. The pathogens are
lysed by complement activation. The prime
actors of complement system are 11 proteins and
these are C1-C9, B and D.

Complement

The activation of complement system occurs by two
pathways: Classical and alternative (Figs 19.1 and 19.2).

Classical pathway: Its activation occurs when antibodies
bind to invading organisms. Through this pathway
the factor C1 binds to the antigen—antibody complexes
(complement fixation) produce inflammatory response.
The complement cascade product C3b activates
phagocytosis by neutrophils and macrophages and
there by these cells engulf bacteria to which antigen
antibody complex are attached. The multiple
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Fig. 19.1: Complementary system activation A: Action of
complement factors C3a, C3b, C5a, C5b, C6, C7, C8 and C9 g
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Fig. 19.2: Action mediated via complement factor C3

complement factors C5b6789 brings over lysis by its
direct effect of rupturing the cell membrane of invading
bacteria or pathogens. The fragment Cb5a initiates
chemotaxsis of neutrophils and macrophages to tissue
area adjacent to antigenic agent. The fragments C3a,
C4 and Cba activates mast cells and basophils releasing
listamine, heparin and other substances which
contribute to inflammation. The complement products
by agglutination and neutrolization also defends
infections.
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Alternative pathway: It is triggered by interaction
among factors B, D,and P, and polysaccharide molecules
present on micro-organisms.

These pathways produce a cascade response in
which complement proteins activation occurs in an
orderly sequence and each of the steps catalyzes the
next complement set. These pathways converge on C3,
which cleaves into C3a and C3b. The factor C3b initiates
formation of a membrane attack complex (MAC) which
causes cell lysis by interfering with a cell’s Ca?* ejection
ability. The factor C3a causes inflammation and C3b
also causes opsonization.

C-reactive proteins (CRP): They are produced by the
liver in response to inflammatory molecules. They
activate the classical pathway by activating comple-
mentary factor C1 and binding to membrane. They
participate in process of opsonization.

ADAPTIVE DEFENSES

The adaptive immune system is a functional system

which recognizes specific foreign antigens and they act

toimmobilize, neutralize, or destroy foreign substances.

The adaptive immune system is antigen-specific,

systemic, and has memory.

They are mainly of two types:

1. Humoral immunity: It is the antibody mediated
immunity.

2. Cell-mediated (T cell) immunity: The T cell mediated
immunity amplifies inflammatory response and
activate complement factors.

Terminology: The commonly involved terms in

immunity process are:

1. Antigens: These are the entity which can mobilize the
immune system and provoke an immune response.

2. Immunogenicity: The ability to stimulate specific
lymphocytes and specific antibodies is termed as
immunogenicity.

Class Il MHC protein
CD4 protein

APC
crophog

Human Physiology

3. Reactivity: It is the ability to react with activated
lymphocytes and antibodies.

4. Hapten: It is the incomplete antigen. It is a small
molecule that is not immunogenic until attacked.

5. Antigenic determinants: These are the sites on an
antigenic molecule that is immunogenic.

6. Major histocompatibility complex (MHC): It is the cell
surface glycoproteins which is associated with self
recognition. The body cells are dotted with protein
molecules (self-antigens) that are not antigenic to self
but are antigenic to others. The two classes of MHC
proteins are: Class I MHC proteins—found on
virtually all body cells and class Il MHC proteins—
found on certain cells in the immune response (Fig. 19.3).

Development of the Acquired Immune System

In the cell-mediated immunity process the lymphocytes
directly attack invading antigen by lysis or indirectly
by initiating inflammation and so also by activating
other lymphocytes and macrophages.

The adaptive system cells are
1. Lymphocytes: T cells and B cells: The B lymphocytes
via immunoglobulin’s actions provide humoral
immunity. T lymphocytes are non-antibody-
producing cells that constitute the cell-mediated part
of immunity.
2. Antigen presenting cells (APCs): They do not respond
tospecific antigens and has an awsdliary rolein immunity.
e Lymphocytes: The immature lymphocytes
released from bone marrow remain identical. The
lymphocyte matures into a B cell or a T cell
depending on the site where it becomes
immunocompetent. T cells mature in the thymus
and B cells mature in the bone marrow. They are
carried to secondary lymphoid tissue where they
defend the antigens. They mature into fully
functional antigen-activated cells upon binding
with their recognized antigen.

Humoral
immunity
(secretion of
antibodies by
plasma cells)

' effect

Interleukin-2
mediated

Cell-mediated
immunity
(attack on
infected cells)

Fig. 19.3: Helper T cell-mediated humoral and cell-mediated immunity response
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* Antigen presenting cells (APCs): The major
APCs are dendritic cells, macrophages, and
activated B cells. The major initiators of
adaptive immunity are dendritic cells, which
migrate to the lymph nodes and secondary
lymphoid organs and present antigens to
T and B cells.

Humoral Immunity

Humoral immunity response: The first encounter
between an antigen and a naive immunocompetent cell
takes place in the spleen or other lymphoid organ. If
the lymphocyte is a B cell; it provokes a humoral
immune response and antibodies are produced against
the antigens. B cell is activated when antigens bind to
its surface receptors, these activating events along with
T cell actions trigger clonal selection. These clone cells
become antibody-secreting plasma cells. The plasma
cells secrete specificantibody at therate of 2000 molecules
per second.

Acquired Humoral Response: Formation of
Primary and Secondary Antibodies (Fig. 19.4)

Primary immune response: The cellular differentiation
and proliferation, which occurs on the first exposure
to a specific antigen. It takes period of three to six days
after antigen challenge. The peak levels of antibodies
are achieved around ten days. The antibody levels
thereafter declines.

Secondary immune response: The re-exposure to the
same antigen sensitized memory cells which respond
within hours and the antibody levels peak in two to
three days.

Types of Acquired Immunity

Active humoral immunity: B cells when presented with
antigens produce antibodies against them. It may be
naturally acquired in response to a bacterial or viral
infection or artificially acquired in response to
vaccination.

Passive humoral immunity: It is naturally acquired
from the mother to her foetus via the placenta and may
be artificially acquired from the injection of serum, such
as y-globulin.

Antibody Mediated Humoral Response

Antibodies: They are also called immunoglobulin. They
contain four polypeptide chains linked by disulphide
bond (Fig. 19.5). These polypeptide chains have two
identical low molecularweight chains and two identical
high molecular weight chains. These heavy and low
molecular weight chains are divided into constant and
variable region. Amino acid sequence in constant region
remains similar among immunoglobulin’s but it differs
in variable region and is unique for individual

<Adop’rive defenses —» Humoral immuniﬁ)

Second exposure rSecond immune
10%| to anfigen A, first response to antigen A
exposure to antigen B (\
jl:) 10°| [ First exposure
= to antigen A
3
8 10 Primary immune Primary immune
= response to response to
< anfigen A antigen B
1
L Anti-
bodies
10° LY o A
0 7 14 21 28 36 42 49 56
Time (days)

Fig. 19.4: Primary and secondary immune response
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bond
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Fig. 19.5: Structure of immunoglobulin

immunoglobulin. They constitute the y-globulin portion
of blood proteins.

They are soluble proteins secreted by activated B cells
and plasma cells in response to an antigen. There are
five classes of antibodies: IgD, IgM, IgG, IgA, and IgE.

1. IgG: It play important role in primary and
secondary response. They cross the placenta and
confer passive immunity.

2. IgE: It binds to mast cells and basophils, and
cause histamine release on activation.

3. IgD: It is attached to the surface of B cells which
are responsible for activation of B cell.

4. IgA: It help to prevent attachment of pathogens
to epithelial cell surfaces.

5. IgM:Itis a pentamer released as primary immune
response from plasma cell.

Role of Antibody

The antibodies do not destroy antigen by own-self; but
they inactivate and tag it for destruction. The antibodies
form an antigen-antibody (immune) complex and act
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via neutralization, agglutination, precipitation, and
complement fixation (Fig. 19.6).

Monoclonal antibody: Monoclonal antibodies are pure
antibody preparations are specific for a single antigenic
determinant and are produced from descendents of a single
cell. These are commercially prepared antibodies are used to
provide passive immunity.

Cell-mediated Immune Response

Since antibodies are useless against intracellular

antigens, cell-mediated immunity isneeded. The T cells

mediate cellular immunity through:

e CD#4 cells (T4 cells) are primarily helper T cells (TH)

* CD8 cells (T8 cells) are cytotoxic T cells (TC) that
destroy cells harbouring foreign antigens.

Other types of T cells are
* Suppressor T cells (TS)
* Memory T cells

T Cell Activation (Figs 19.7 and 19.8)
Key Points

1. Tcellantigen receptors (TCRs) bind to an antigen-MHC
protein complex which have variable and constant
regions consisting of two chains (alpha and beta).

. The T cell receptors: Bind to the MHC and are
stimulated by the associated antigen. The co-
stimulator (cytokines, interleukins, etc.) prompts the
T cell to form a clone.

. MHC occurs as two classes: MHC I on virtually all
tissue cells and MHC II only on PM, some immune

Fig. 19.6: An’rigen—onﬂbody complex action

Precipitation Complement
| factors
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@@ﬂam
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T helper cell

—C

B cells

\ @T cells

T helper Ceil

Antibodies

T helper cell

Antigen

Macrophages
Fig. 19.7: Activation of T and B cells

system cells. MHC I is present on virtually all tissue
cells: The endogenous antigens produced by the cell
(viral/cancer) stimulate the CD8+ cell population to
form cytotoxic T cells (killer T, TC). MHC Il is found
only on PM of B cells, some T cells and APCs: The
exogenousantigen from outside the cell when presented
to PM surface stimulates the CD4+ cell population
leading to formation of helper T cells (Th).

T Cell Role

1. The helper T cells (Th) stimulate B cells and other
T cells to proliferate.

2. The activated Th cells interact with B cells. They
display antigen and produce cytokines which
prompt the B cell to mature and form antibody. The
TH cells also produce cytokines that promote TC
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cells. TH cells recruit other WBCs and amplify innate
defences (inflammatory).

3. The cytotoxic T cells (TC, killer T) directly attack and
kill cells with specific antigen. The activated TC cells
are co-stimulated by Th cells. TC binds to cell and
releases perforins and granzymes. In the presence
of Ca* perforins forms pores in target cell PM. The
granzymes enter through pores and degrade cellular
contents. TC then detaches and moves on. The macro-
phagesremove the degraded products by exocytosis.

4. Other T cells: The regulatory T cells (TReg) release inhibi-
tory cytokines that suppress B cell and T cell activity.
This helps to prevent autoimmune events (Fig. 19.8).

Organ Transplant

Organ transplant needs to be safely carried out. There
should be no rejection of the graft. The four major types
of grafts are:

1. Autograft: It is the transplantation of graft from one
site on the body to another in the same person.

2. Allograft: It is the transplantation of graft between
individuals that are not identical twins, but belong
to same species.

3. Isograft: It is the transplantation of grafts between
identical twins.

4. Xenograft: It is the transplantation of grafts taken
from another animal species.

The tissue rejection is prevented by supplementing
immunosuppressive drugs in the patient of transplant.

These drugs suppress patient’s immunity.

Antigen

oY

Memory T cells

S

y 9P

Activated cytotoxic T cells

—r@ Target cells diet

Fig. 19.8: Cytotoxic T cell actions
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Severe Combined Immunodeficiency (SCID)
Syndrome

It is the genetic defects that produce a marked deficit
in Band T cells. The probable pathology may be due to
abnormalities in interleukin receptors; and may also
be due to defective adenosine deaminase (ADA)
enzyme activity leading to accumulation of metabolites
toxic to T cells. It is fatal if untreated; and responds to bone
marrow transplants. Example: Hodgkin’s disease leads
to immunodeficiency by depressing lymph node cells.

Acquired Immune Deficiency Syndrome (AIDS)

It is caused by human immunodeficiency virus (HIV)
transmitted via body fluids—blood, semen, and
vaginal secretions. It affects the immune system by
interfering with the activity of helper T (CD4) cells. It
destroys the Th cells and depresses cell-mediated
immunity.

Hypersensitivity

The immune responses cause tissue damage. The
antibody mediated allergies are immediate and
cell-mediated allergic condition is delayed hypersensi-
tivity.

Types

Acute (type I) hypersensitivity: It commences immedia-
tely after contact with allergen. It produces anaphylaxis
and is IgE mediated. The mechanism involves IL-4
secretion by T cells. This IL-4 stimulates B cells to
produce IgE. The IgE binds to mast cells and basophils
causing degranulation and histamine release and
induce inflammatory response. Thelocal effects include
watering of eyes, itching, running nose, asthmatic
attack, etc. Watery eyes, runny nose, itching and
redness. Antihistamines counteract these effects.
Anaphylactic shock is associated with allergens that
havesystemic distribution. There is widespread vasodi-
latation, constriction of bronchioles and restricted
airflow.

Hypersensitivities: Types Il and Il

The sub-acute hypersensitivity is mediated via IgG and
IgM immunoglobulin.

Cytotoxic reactions (type II): The antibodies bind to
antigens on specific body cells, stimulating phago-
cytosis and complement-mediated lysis of the cellular
antigens. Example, mismatched blood transfusion
reaction.

Immune complex formation (type III): The widely
distributed antigen reacts with antibody. The antigen—
antibody complexes cannot be cleared; persistent
inflammation/tissue damage. Examples: Farmer’s lung;
associated with autoimmune disorders.
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Hypersensitivity: Type IV

It is delayed hypersensitivity and cell-mediated). It
takes one to three days to react. It involves helper
T cells and cytotoxic T cells and macrophages. Example:
Allergic contact dermatitis (poison ivy, heavy metals,
TB tine tests).

EXAM-ORIENTED QUESTIONS
Essay
1.

Describe the first and second line of emmune defence
mechanism of human body?

. Describe the role of humoral and cell mediated response

in immunity.

Short Notes

1. Adaptive defences
2.

Innate immunity

N U AW

Human Physiology

Anti microbial protein
Complement factor
Hypersensitivity reaction
Organ transplant

AIDS
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CLINICAL CASE SCENARIO

Blood

Q1. An 18-year-old male subject complained of
generalised weakness and fatigue. On clinical examina-
tion, yellowish discolouration was visible on skin and
conjunctivae. His plasma bilirubin level was 2 mg%.
van den Bergh reaction was indirect positive. What is
the diagnosis? Enlist any three causes for the same.
Ans. The patient is suffering from haemolyticjaundice.
It may be commonly observed in patient suffering from
congenital spherocytosis, sickle cell anaemia or
thalassemia.

Q2. A 32-year-old male patient suffering from liver
disease was transfused four-pint of blood for severe
anaemia prior to an emergency surgery for obstructive
hernia. The patient blood profile after transfusion
showed hyperkalaemia and hypocalcaemia. What are
the reasons for the same?

Ans. The stored blood has high concentration of
potassium. As it takes nearby a day for concentration
of potassium to reach back to its physiological value as
it is taken back to the red blood cell; and this is the
cause of hyperkalemia after transfusion. The citrate is
present in the transfused blood. Metabolism of citrate
gets delayed in liver disease, therefore massive blood
transfusion produces hypocalcaemia (due to prolong
presence of citrate in circulation) in patient.

Q3. A 40-year-old female patient was diagnosed as a
case of thrombocytopenic purpura. What are the
characteristic signs observed in the disease?

Ans. The characteristic signs of purpura are spontaneous
multiple haemorrhage under the skin and membranes’
petechia haemorrhages (red spot on skin and mucous
membrane) and evidence of spontaneous bleeding due
to increases capillary fragility.

Q4. A newborn baby with physiology jaundice was
advised phototherapy. What are the advantages of
phototherapy?

Ans. The exposure of skin to white light produces
conversion of lumirubin which acts by photo-isomerisa-
tion of bilirubin to soluble form which is excreted.

Q5. The blood peripheral smear report of 42-year-old
female suffering from polymenorrhoea showed
microcytic hypochromic anaemia. Diagnosed the
condition. Describe the signs and symptoms of the
disease.

Ans. The patient is suffering from iron deficiency
anaemia. The various signs of the disease are dry, soft,
spoon-shaped nails with longitudinal striations, angry
red tongue and patient exhibits symptoms of
breathlessness, palpitation, tiredness, generalized
weakness, irritability, headache, difficulty in concentra-
tion, loss of memory, etc.

Q6. What is the cause for spur cell haemolyticanaemia
and Rh deficiency syndrome?

Ans. Spur cell haemolytic anaemia: In the disorder, the
cholesterol binds to red blood cell membrane producing
thorny projection on RBC named acanthocytes. The
disorder is due to lowered ability of liver to esterify
cholesterol.

Rh deficiency syndrome: The membrane of red
blood cell in the disease is deficient in Rh antigens.

Q7. A 40-year-old male reports of extreme tiredness,
difficulty in concentration, feeling of fainting on
sudden standing and decrease in appetite. Examination
of oral cavity revealed signs of red beefy tongue,
bleeding gums and cracking at the angles of mouth.
Peripheral smear showed macrocytic hypochromic
anaemia. What is the likely diagnosis? Enlist the signs
and symptoms observed in the condition? What are
the causes for the disease? What investigation may
be prescribed?

Ans. The patient is suffering from megaloblastic
anaemia due to vitamin B,, deficiency. The signs and
symptoms seen in this condition are: Fatigue, shortness
of breath, dizziness, pale or yellowish skin, irregular
heartbeats, weight loss, numbness or tingling in hands
and feet, muscle weakness, personality changes,
unsteady movements and mental confusion or
forgetfulness.

The common causes of vitamin B,, deficiency
are

1. Inadequate dietary intake of vitamin B,, (diet
devoid of egg and dairy products like milk,
cheese, butter, etc.)

2. Impaired absorption of vitamin B,, due to
intrinsic factor deficiency caused by the loss of
gastric parietal cell as seen in chronic atrophic
gastritis.

3. Malabsorption syndrome; which commonly
occurs due to structural damage or wide surgical
resection of the terminal ileum.

4. Surgical removal of the small bowel as in patients
of crohns disease or celiac disease cause vitamin
B,, deficiency.

5. Long-term use of ranitidine hydrochloride may
contribute to deficiency of vitamin B, ,.

6. Nitrous oxide abuse

7. Malnutrition and alcoholism

The investigations which can be carried out are in
addition to the usual complete blood count (CBC) and
peripheral smear to confirm the diagnosis are:

Serum B, level, serum homocysteine and methyl-
malonic acid levels (the levels of serum homocysteine
and methylmalonic acid are high in B,, deficiency and
can be helpful in doubtful diagnosis) and Schilling
test.
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Recent Advances: Innate Immunity

Bruce Alan Beutler an
American immunologist
and geneticist along with
Jules A Hoffmann recei-
ved one-half of the 2011
Nobel Prize in Physiology
or Medicine, for “their
discoveries pertaining to
the activation of innate
immunity” (the other half of
the Nobel Prize went to
Ralph M Steinman for “his
discovery of the dendritic
cell and its role in adaptive
immunity”).

Bruce Alan Beutler and
Jules A. Hoffmann discovery
revealed increased Droso-
mycin expression following
activation of Toll pathway in
microbial infection. The
Toll-like receptor TLR-4 in
mammals is the membrane-
spanning component of the
mammalian lipopolysaccha-
ride (LPS) receptor complex.
The TLRs helps in the
identifying of microbes, as
TLR detect signature molecules which produces
infection. TLR-4 when artificially ligated using
antibodies activate certain genes necessary for initiating
an adaptive immune response. The TLR-4 function as
an LPS sensing receptor was discovered by Bruce A
Beutler and colleagues.

Ralph Marvin Steinman
through his research proto-
colinitiated antibody respon-
ses in tissue culture in the
experimental laboratory.
His finding revealed that
the antigens, lymphocytes
and “accessory cells” together
are responsible for the obser-
ved immune responses. The
accessory cells contain a
new cell type with probing
cell process or “dendrites”.
These accessory cells have
been proven to be the
missing link between innate and adaptive immu-
nity.

Bruce Alan Beutler
1957

Jules A Hoffmann
1941

Ralph M Steinman
1943-2011

Dendritic cells initiates T cell responses as a result
the adaptive immunity develops in two stages:

1. The dendritic cell present antigens and initiate
the afferent limb.

Human Physiology

2. The other antigen presenting cell mediates the
effectors to eliminate the antigen in tissue
cultures. The immunity develops in clusters of
lymphocytes and the dendritic cells.

Dendritic cells helped induce T cells response
and also produce cytokines, interferons,
chemokines, anti-microbial peptides thereby
aid in combating infections. They also
mobilize innate lymphocytes such as natural
killer cells but they do not phagocytised or
kill microbes.
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2008 Nobel Prize for Physiology and Medicine:
HIV VIRUS

Francoise Barré-Sinoussi
1947

Luc Antoine Montagnier
1932

Frangoise Barré-Sinoussi a French virologist and Luc
Antoine Montagnier were awarded the 2008 Nobel
Prize for Physiology and Medicine for identification of
the human immunodeficiency virus (HIV) as the cause
of AIDS.
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Notable Contributions: Diseases, Drugs,
Immunity and Recovery

1. Robert Koch was a German physician who is widely
credited as one of the founders of bacteriology and

microbiology. He investigated the anthrax disease cycle
in 1876, and studied the bacteria leading to tuberculosis
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Robert Koch
1843-1910

in 1882, and cholera in 1883. He also formulated Koch's
postulates. Koch won the 1905 Nobel Prize in
Physiology or Medicine.
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Ernst Chain
1906-1979

Alexander Fleming
1881-1955

Howard Florey
1898-1968

2. Sir Alexander Fleming (1881-1955), Ernst Boris Chain
(1906-1979) and Sir Howard Walter Florey (1898-1968)
received the Nobel Prize in Physiology or Medicine for
their work on penicillin. Fleming while studying
bacteria noticed that some had been killed and had
dissolved away around a spot of blue-green mould
which by-chance had contaminated one of his dishes.
He transferred the mould to broth, and this had a strong
effect on bacteria that even when diluted hundreds of
times, the penicillin completely prevented bacterial
growth. Chain and Florey went onto purify and extract
penicillin, enabling it to be produced in large amounts
to treat many different bacterial diseases.
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3. Edward Jenner was born in
Berkeley, Gloucestershire in
1749 philipps. He carried out
his experiments on eight-year-
old patient James Phipps in
1796. Jenner inserted pus taken
from a cowpox pustule into an
incision on the arm of James
Philips his patient. Jenner
subsequently proved that
having been inoculated with
cowpox James was immune to
smallpox. He experimented
on several other children,
including his own son. He
published his results of his
experimentation in 1798 and
Jenner coined the word vaccine from the Latin ‘vacca’
for cow and further carried outhis contribution towards
development of vaccine.

Edward Jenner
1749-1823
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4. The French chemist and
biologist Louis Pasteur is
famous for his germ theory
and for the development of
vaccines. He made major
contributions to chemistry,
medicine, and industry. His
discovery that diseases are
spread by microbes which are
living organisms like bacteria
and virus saved countless
lives.

Louis Pasteur
1822-1895



Pasteur showed that airborne microbes were the
cause of disease. Pasteur built on the work of Edward
Jenner helped to develop more vaccines. Pasteur’s
career showed how conservative the medical
establishment was at the time.

Human Physiology
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Structure and

Functions of Neuron

INTRODUCTION

The nervous system is composed of nervous tissue. The
nervous tissue consists of two elements: Nerve cell or
neuron and neuroglia. The neurons are the structural
and functional units. They communicate with each
other directly or indirectly through synapses. They are
the electrically excitable cells and they transmit
impulses via chemical and electrical signals. The
detailed histological structure will help in understan-
ding the functions of the neurons.

HISTOLOGICAL STRUCTURE

Neuron

A nerve cell with all its processes is called a neuron
(Fig. 20.1). It is the structural and functional unit of the
nervous system. Neuron may consist of a nerve cell
body or soma and two types of processes—axon and
dendrite (dendron).

Structure of Nerve Fibres

Santiago Ramény Cajal was a Neuroscientist and a
Nobel laureate provided detailed descriptions of cell
types associated with neural structures and strongly
advocated neuron theory.

Terminal buttons Node of

Ranvier

cylinder

Neurolemmal
(Schwann cell)

Neurolemma
(sheath of Schwann)

Initial segment

of

Medullary
sheath

Santiago Ramdny Cajal
1852-1934

Axon

Axon is the process of a nerve cell body that carries
impulse away from the soma. It is generally long with
few branches (collaterals). The neurons have a single
axon and its branches help it in communicating with
its target cells. Axon hillock is part of the axon where it
emerges from the soma. The axon hillock has highest
density of voltage-dependent sodium channels and
electro-physiologically it is the most easily excited part

Golgi apparatus
Axon

hillock

axon Mitochondria

Cell body (soma)

Nucleolus

Nucleus

Fig. 20.1: A neuron with all its processes and the formation of a medullated nerve fibre
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of the neuron. While the axon and axon hillock are
generally involved in information outflow, this region
can also receive input from other neurons. Axis cylinder
in an axon contains axoplasm: A semi-fluid substance,
essential for nutrition and growth of the nerve fibre. It
also contains neurofibrils and mitochondria. Axon ends
in numerous terminal buttons (axon telodendria).
Neurotransmitters are released along theaxon terminal
into the synaptic cleft between the terminals and the
dendrites of the next neuron. The neurotransmitter aids
in synaptic transmission.

The term nerve fibres usually refer to the axons.
Nerve fibres which carry impulses to the central
nervous system are termed afferentand those carrying
impulses from the central nervous system to the
periphery are known as efferent. Thus, the peripheral
mixed nerves containing both sensory and motor fibres
are axons (Fig. 20.2).

Dendrite or Dendron

Dendrite or dendron is the process that carries impulse
towards the cell body. It collects impulses from other
neurons and carries them towards the cell body. It is
generally short with many branches, and contains Nissl
granules. Number varies from nil to numerous.
Dendrites are, as a rule, multiple, relatively short and
follow specific branching pattern. It is presumed that
dendrites do not conduct impulse like axons in the
central nervous system and instead they are the part of
receptor membrane of the neuron.

Cell Body (Fig. 20.3)

The cell body is called the neurocyton (soma). Neurons

are commonly classified according to the number of

their processes:

1. Apolar neurons have no process.

2. Unipoar neuron: All developing neuroblasts pass
through a stage when they have only one process

Blood

Epineurium

Peripheral

Node of Ranvier

the axon. In the adult human such true unipolar
neurons are not commonly seen, but they are found
in the mesencephalic nucleus of the 5th cranial nerve.

3. Biopolar neurons: Typically these neurons are
spindle-shaped possessing the axon at one pole and
a dendrite at the other. Numerous, developing
neuroblasts pass through this stage. In the adult, they
are usually found in the retina, in the vestibular
ganglion, in the spiral ganglion of the cochlea, and
in the olfactory neuro-epithelium.

4. Pseudounipolar neurons: These types of atypical
bipolar neurons are found in all spinal ganglia and
in the ganglia of the cranial nerves other than those
of 8th cranial nerve. These types of neurons are at
first typically bipolar and spindle-shaped, but as
development proceeds the cell processes converge
until these meet at one side of the cell body. Then
this elongates so that a fine process is formed with a
T-shaped division at the end, one branch of the T
being the dendrite from the periphery and the other
being an axon extends centrally.

5. Multipolar neurons: These neurons have varied
forms. A few of the common types are Purkinje cell
of the cerebellar cortex, pyramidal cell of the motor
cortex, small neuron from the spinal nucleus of the
trigeminal nerve, motor neuron from the ventral
horn of spinal cord, etc. Usually the shape depends
mainly on the number and position of the dendrites.

An alternative classification separates the neurons in

two groups

1. Golgi type I neuron has a very long axon which has
an extensive course outside that part of the grey
matter of the CNS where the cell body lies, and passes
in the white matter. These cells form the bulk of the
neurons and they constitute the peripheral nerves
and the main fibre tracts of the brain and spinal cord.

2. Golgi type II neuron is stellate and has a short axon
which does not leave that part of the grey matter in

= Motor ending

Neurilemma
Myelin sheath
Axolemma

Sensory
2ending
Single nerve fibre

Perineurial septum
Endoneurium (supports nerve fibres)

Cylindrical bundle of nerve fibres

Fig. 20.2: Axon in both sensory and motor fibres of a mixed peripheral nerve trunk
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Fig. 20.3: Diagram to show morphological features of the types of neurons

which the cell body lies. These cells are to be found
in the retina, the cerebellar and the cerebral cortices.
These neurons vary greatly in size and shape.
Spherical, oval, piriform, polyhedral, and fusiform
types are described, but all have numerous radiating
processes which give them a stellate or star-shaped
appearance.

Anaxonic neuron: It is a type of neuron where the
differentiation of axon from the dendrites cannot be
done. Such anaxonic neurons are present in brain and
retina.

Structure of Cell Body (Soma)

The soma (also known as cyton or perikaryon) is the
bulbous end of neurons. It contains nucleus and other
organelles.

The constituents of soma are (Fig. 20.4A to C)

a. Nucleus: The nucleus is commonly large, spherical
or slightly ovoid and centrally placed within the
perikaryon. It varies in size with the size of the cell
and with its state of activity. The chromatin particles
in the nucleus are finely dispersed and hence nuclei
of the neurons appear pale and empty-looking when
stained with basic dyes, e.g. thionine. One or two
nucleoli are characteristically present. The sex
chromatin of the female, which looks like a small
dark staining body lies close to the nucleolus or
nuclear membrane in the nerve cell nucleus.
Although present in the male, it is too small to be
seen under normal conditions. This helps in cell
identity.

b. Neuroplasm: The neuroplasm or cytoplasmic matrix
of the nerve cell contains filamentous, membranous
and granular organelles and are arranged more or

. Neurofibrils: Fine filaments,

less concentrically around
the nucleus. With a light
microscope these organelles
areneurofibrils. Nissl bodies
or chromophilic substance,
Golgiapparatus (Fig. 20.4B),
mitochondria, a centrosome.
A considerable number of
inclusions are also found.

passing through the neuro- -
plasm, from the dendrite to Franz Nissl
the axon (Fig. 20.4C). 1860-1919

. Nissl bodies (granules): It was named after Franz
Nissl, a noted neuropathologist, who invented the
Nissl staining method.

Characteristic features

1. Angular granules, staining with basic dyes
(methylene blue, thionine or cresyl violet) are
present in scattered form through the cyto-
plasmic portion of the cell and dendrites except
at the axon hillock from which the axis cylinder
arises. There is no Nissl granule in the axon
(Fig. 20.4A).

2. Electron microscopic studies reveal that these
basophilic granules are composed of thin,
parallel arranged membrane bound cavities
which are closely akin to endoplasmic
reticulum containing cisternae, vesicles and
tubules.

3. In dendrites, Nissl granules are rod-shaped. In
motor neurons, they are coarse and flocculent
while in sensory neurons they are almost dust-
like.
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Fig. 20.4A to C: Nerve cells (diagrammatic). (A) Showing Nissl granules; (B) Showing superficial reticulum of Golgi; (C)
Showing neurofibrils in a cell from the anterior grey column of the spinal cord
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4. They disappear following injury to the nerve cell,
damage to the processes, loss of function of the
neuron, circulatory disturbance, hyperpyrexia,
poisons, fatigue, etc. This process is known as
chromatolysis. When the nerve cell regenerates,
the granules reappear.

5. The main function of Nissl bodies is synthesis of
proteins for intracellular use.

. Mitochondria: Numerous and distinct. They are rod-

shaped, spherical and widely distributed. There are
phospholipid-protein inclusions which often appear
in granules or filaments.

Golgi apparatus: Highly developed and complex-
intracellular reticular network.

. Superficial reticulum of Golgi: A fine network of the

nerve cell (Fig. 20.4B).

. Ribosome

Endoplasmic reticulum

Centrosome: The spherical centrosome contains a
pair of centrioles and is characteristic of the
immature, multiplying neuroblasts during early
stages of embryonic development. Whenseen under
EM a centrosome is often found in the cytoplasm,
even though the neuron will never divide. Its role in
the neuron is therefore not clear.

. Inclusions: The inclusion bodies in soma include:

Melanin: Itis present as dark-brown or black granules
in some cell groups, particularly in the substantia
nigra of the midbrain, locus coeruleus in the floor of
the IVth ventricle, dorsal motor nucleus of the vagus,
and in the spinal and sympathetic ganglia. Its
significance is not clear.

Lipochrome granules: These are yellow or orange
colour and are seen in certain cell groups, especially

in those of the autonomic ganglia and in the region
of axon hillock. The amounts of this yellow pigment
(lipofuscin) increase with age. It is suggested that it
represents a by-product of normal metabolic activity.
Lipid: It is encountered in the form of droplets in the
cytoplasm of nerve cells. Glycogen: It is found not
only in embryonic neurons but also in embryonic
neuroglial cells, in embryonic cells of the ependyma
and choroid plexus. But it cannot be seen in adult
nervous tissue with a histochemical demonstration.
Iron-containing granular deposits: These are
observed in the nerve cells of the substantia nigra,
globus pallidus, etc.

1. Neurosecretory material: The hypothalamic neurons
of the supra-optic and paraventricular nuclei contain
droplets with characteristic staining properties. These
are present in the cell body as well as in their axon.
Cell membrane: The surface of plasma membrane of a
neuron appears to be basically similar to that of cells
in general. Within the CNS, the nerve cells are closely
invested by a network of neuroglial cells and fibres,
whereas in the peripheral ganglia the nerve cells are
surrounded by a capsuleof satellite cells of similar origin.

NEUROGLIA

It is a special type of interstitial tissue and is present
both in the grey and white matter. According to shape,
size and number of processes, three main types have
been described (Fig. 20.5A to D):
1. Astrocytes

* Protoplasmic astrocyte

e Fibrous astrocyte
2. Oligodendroglia or oligodendrocyte (few processes)
3. Microglia (small in size) (Fig. 20.5D).

J
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Fig. 20.5A to D: Diagrammatic representation of the neuroglial cells showing (A) Oligodendroglia; (B) Protoplasmic

astrocyte; (C) Fibrous astrocyte; (D) Microglia

The first two are ectodermal in origin. But microglia
is mesodermal and belongs to the reticulo-endothelial
system.

Functions of Neuroglia

1. Support
2. Insulation
3. Phagocytosis

Under pathological conditions, the microglia
becomes amoeboid and phagocytic and wanders in
the meninges and blood vessels in the central nervous
system. Their number is increased during inflamma-
tion.

Astrocytes are found around the blood vessel wall
and appear to serve as regulator of the ionic
environment of the neurons and are thought to make
up the blood-brain barrier (Fig. 20.5C). Like the
Schwann cells (oligodendroglia) (oligodendrocyte) take
part in the formation of myelin sheath in the central
nervous system.

Axonal Transport and Nourishment of Neurons

Axoplasmic transport is also known as the axonal
transport. It is a cellular process regulating movement
of mitochondria, synaptic vesicles, proteins, lipids and
other cell organelles along the axoplasm. It also brings
over the movement of molecules to be degraded (by
lysosomes) from the axon back to the cell body. The
movement toward the cell body is retrograde transport
and movement toward the synapse is the anterograde
transport. Axonal transport is essential to its growth
and survival. The microtubules (tubulin) which traverse
through the length of the axon provide the main
cytoskeletal tracks for transportation. The movement
of cargoes in the anterograde and retrograde directions
respectively is brought over by motor proteins kinesin
and dynein. Axonal transport can be fast or slow, and
anterograde or retrograde.

Role of Neurotrophins in Neuronal
Development

Neurotrophins are a family of proteins which induce
the survival development, and function of neurons.
They are of a class of growth factors capable of signaling
particular cells to survive, differentiate, or grow.
Neurotrophins promote the survival of neurons and
are known as neurotrophic factors. Neurotrophic
factors prevent the neuron from initiating programmed
cell death, thereby promoting their survival.
Neurotrophins are of different types:

1. Nerve growth factor which isimportant for the survival
and maintenance of sympathetic and sensory neurons.

2. Brain-derived neurotrophic factor (BDNF) is a
neurotrophic factor found in the brain, and the
peripheral nervous system. It controls the growth
and differentiation of new neurons and synapses by
axonal and dendritic sprouting.

3. Neurotrophin-3, is a neurotrophic factor, and a protein
growth factor that influences activity on certain
neurons of the peripheral and central nervous system.

4. Neurotrophin-4 (NT-4) is a neurotrophic factor
acting via TrkB receptor tyrosine kinase. It is also
identified or called NT4, NT5, NTF4, and NT-4/5.

EXAM-ORIENTED QUESTIONS
Essay

1. Draw a well-labeled diagram of Neuron. Describe its
structural component.

Short Notes

1. Axon

Classification of neurons
Myelin sheath
Myelinogenesis
Neuroglia

Functions of neuroglia
Niss| bodies
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Properties, Classification of Nerve

Fibres and Nerve Action Potential

INTRODUCTION: PROPERTIES OF NERVE FIBRES

Nerve fibres show the following properties:
. Excitability

. Conductivity

. All-or-none law

. Refractory period

Summation

Adaptation

Accommodation

. Indefatigability

©NONU W

1. EXCITABILITY

The nerve fibre can be stimulated by a suitable stimulus,
which may be mechanical, thermal, chemical or
electrical. In experiments, electrical stimulation is
usually employed, because its strength and frequency
can be accurately controlled.

The following changes will show that a nerve has
been excited:

On stimulation of a nerve by a threshold stimulus
will generate an action potential and this wave of
negative potential passes along the nerve and can be
detected by galvanometer or by CRO.

Generation of Action Potential and Excitability
of the Nerve

Key Points

Phases of Action Potential

1. Resting potential: An electrical disturbance always
accompanies the travelling nerve impulse. In resting
cell, the surface is positively charged and the interior
isnegatively charged. When the surface is stimulated
and the permeability is increased, as a result, there is
reversal of polarization. The surface at the stimulated
pointbecomes negative (cathode) causing catelectrotonic
change.

. Depolarization: When this change rises to threshold
level, impulse will pass like self-propagated

143

disturbance by drawing positively charged particles
from the neighbouring points which in turn becomes
cathode. The depolarization of the membrane is the
first step of the manifestation of an impulse. After
an initial slow rise, depolarization wave overshoots
rapidly and reaches up to the potential line (zero line)
to approximately +35 mV.

. Repolarization: After that it reverse and begins to
fall very rapidly towards the resting level (-70 mV).
At approximately two-thirds of repolarization, the
rate of fall is being abruptly slowed.

This slower fall is known as negative after potential
(after-depolarization). The rapid rise of depolariza-
tion wave and the rapid fall of repolarization wave
are known as spike potential.

. Hyperpolarization: After reaching the basal level the
wave overshoots slightly but slowly in the
hyperpolarizing direction. This is known as positive
after-potential (after-hyperpolarization). The whole
sequence of potential changes in the nerve following
excitation is known as action potential or membrane
potential (Fig. 21.1).

lonic Basis of Excitability of Nerve
Key Points

1. Resting state: In resting state, the nerve fibre remains
in polarized state and the membrane potential lies
within —70 mV. The inside of the nerve is negative
and the outside of the nerve is positive (Fig. 21.2).
Na* concentration outside the membrane is higher
than that of inside the membrane. K* concentration
inside the membrane is also higher than that of
outside the membrane. K* can permeate through the
membrane at resting state but the Na* cannot
permeate.

The influx of sodium leads to depolarization while
efflux of potassium leads to repolarization. The
voltage-gated sodium channel and potassium
channel are main contributors towards generation
of action potential. The action potential occurs in
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Fig. 21.1: Diagrammatic representation of spike potential (action potential) recorded with the help of microelectrode in
the nerve cell

The tremendous increase is Na* conductance during
this period is known as activation of membrane
produce large and sweep depolarization and the
membrane potential reaches to +35 mV. Thus, the
reversal of potential is caused with the development
of positivity inside the membrane and negativity
outside. The Na* sodium influx stops due to
inactivation of gates of sodium channel. The sodium
channel remains open for very brief period of time.
Thus, this speedy closure produces auto-deactivation
! ! of the sodium channel. The voltage-gated K* channels
illee. o i e %heobose fully open at +35 mV causing efflux of K* ions.

Duration (Time) 3. Repolarization: But as soon as the action potential

—_— attains the voltage approximately +35 mV, K* efflux
out from inside the membrane. The inside of the
membrane becomes negative and outside becomes
positive again. This stage is the repolarization phase
and K* conductance is increased to the maximum.
But at the later period of this phase (at the
termination of spike potential) K* conductance is
slowed down. As the membrane potential reaches
to iso-potential level and as it is reaching towards
the resting membrane potential the inside of the
membrane achieves negativity; this limits efflux of
potassiumions. Thus, a few milliseconds are delayed
in restoring the membrane potential. This state is
known after depolarization phase-potential and is
attributed to slow efflux of potassium ions. In the
later phase of repolarization the sodium channel is

Strength (current) ——»

Fig. 21.2: Diagrammatic representation of excitability curve
(strength-duration curve) applied to an excitable fissue
producing response relating the strength of stimulus

successive stages of depolarization, repolarization,
negative after-potential and positive after-potential.

2. Depolarization (excitability): Permeability of Na* to
membrane is increased only after excitation and it is
the first event of the action potential. The threshold
stimulus leads to influx of sodium through leaky
channels and via the opening of the voltage-gated
sodium channel. The membrane potential decreases
from -70 to -55 mV.

As the depolarization proceeds further, a large

number of voltage-gated channel opens. So the
depolarization starts with the onset of Na* entry and
thus an increase in Na* conductance is taken place.

closed and then its inactivation gate opens slowly
while the K* channel begin to close and gradually
are completely closed. Thus, as membrane reaches
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resting state the activation gates of sodium and = Compound Action Potential
potassium channel are closed while inactivation gate
of sodium channel opens.

4. After hyperpolarization: This increased negativity
inside hinder further efflux of K*. Most of the voltage-
gated K* channels are closed but as some of the
voltage-gated K* channels the efflux continues and
membrane potential becomes more negative

Action potential recorded from a group of nerve fibres
(e.g. sciatic nerves) or a nerve trunk is called compound
action potential as it is the summated action potentials
of different types of nerve fibres having different
conduction velocities (Fig. 21.3). The multi-peaked
shape of the compound action potential is due to the

. = S activity of the different nerve fibres of varying
producing the phase of after hyperpolarization. The  .,nduction velocity. Most nerves are composed of

resting membrane potential is yet to be achieved. myelinated nerve fibres of various diameter and also
5. Resting membrane potential: It is achieved by the unmyelinated fibres of quite large number. The results

complete closure of voltage-gated K* channel. The  gbtained by stimulating one end of a frog nerve and

resting ionic composition is restored by the active  recording from a point as far away as possible were

Na*-K* pump mechanism (increased activity of Na*-  qescribed by Erlanger and Gasser.

K*-ATPase).

In this way resting normal ionicstatus is established.

Excitability Depends upon Following Factors

1. Strength of stimulus (Fig. 21.2): A minimum strength
is essential to excite a tissue.
Strength-intensity of stimuli: Current intensity of
stimulus which is just adequate to cause an impulse
is called the threshold. Intensity below the threshold
is known as subliminal. Magnitude of current just
sufficient to excite a nerve or muscleis called rheobase.

2. Duration of stimulus (Fig. 21.2): The stimulus must _U
continue for a certain minimum period, which varies
inversely as the strength. The minimum time CREALALEEA AL
required to have a response is known as utilization
time. The shortest duration of current flow which 0.2 msec
will excite thenerve or muscle under currentstrength
equal to twice the rheobase is called the chronaxie.
Chronaxie value is a useful index of the relative
excitability of the tissues.

Excitability of a nerve fibre can be determined by
studying its strength—duration relationship
(threshold stimulus intensity and duration) of the
stimulus. To obtain an excitability curve (strength—
duration curve) a minimum current strength for
exciting a nerve or muscle is first determined and
chronaxie is then obtained by determining the
shortest duration of stimulus with double the
rheobase voltage (Fig. 21.2).

3. Direction of the current: If the current is passed :
transversely across the nerve no effect will be Joseph Erlanger Herbert Spencer Gasser
produced. When it passes along the length of the 1874-1965 1888-1963

(=}

Fig. 21.3: Compound action potential

nerve there is the maximum chance of stimulation.
4. Frequency of stimulus: A single stimulus will
generate a nerve impulse, but if the stimulus be
strong, more than one impulse may follow. Ca* lack
increases this tendency of multiple responses.

Injury: Excitability is increased near the site of injury.
But later on it becomes depressed, and this depression

Joseph Erlanger is an American physiologist along with Herbert
Spencer Gasser identified and classified several varieties of
nerve fibre and established the relationship between action
potential velocity and fibre diameter. They received the Nobel
Prize in Physiology or Medicine in 1944 for their achievements.

With a large shock, the action potential appears as

slowly travels down the nerve, so that excitability  in Fig. 21.4. It is conventionally split into three waves
disappears lastfromthatpart of the motor nerve which  called A, B, C. The A wave itself is divided into a, B, ¥
is nearest to the muscle. and 0 sections (Fig. 21.5).
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Fig. 21.5: The graph showing the numbers of myelinated
nerve fibres of different diameters in nerve

The A wave represents activity in myelinated axons and the C
wave that in unmyelinated axons. The B wave may represent
both types. The reason for the spreading out of the waves lies
in the differing conduction velocities of the fibres. If the
recording electrode is close to the stimulating electrode, only
a single wave can be detected. It is possible to activate
selectively the axons of different sizes. With small shocks, only
the wave is apparent. As the shock strength is increased, so
other components of the A wave appear, followed by the
B and C waves. The largest, fastest-conducting fibres thus have
the lowest threshold to stimulations. If a maximum shock (one
which fires all the fibres) is used, and pressure is carefully
applied between the stimulating and recording electrodes,
another phenomenon becomes apparent. The pressure blocks,
conduction in the largest fibres first. The o wave is the first to
go followed by B, v, & and B until only the C wave is left.

By adjusting both the stimulus strength and the

P S
[T o T T s i | F==1 I I I I

|
1 23 57 10121520 30 &0 100 200 300
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Fig. 21.4: A compound action potential as might be recorded from any nerve containing both myelinated and
unmyelinated fibres. The A wave represent myelinated fibres and the C wave unmyelinated ones. The B wave may be

increased until a, B and y wave appeared and then
knock out the B components by application of a
pressure block.

2. CONDUCTIVITY

The nerve impulse is conducted along the nerve fibre.

Conductivity shows the following characteristics:

1. Impulseis propagated along a nerve in both directions.
[But under normal conditions the nerve impulse
travels in one direction only—in the motor nerve towards
the responding organ; in the sensory nerve towards
the centre. This is due to the action of ‘synapse’.]

2. Velocity of nerve impulse: The nerve impulse is
propagated with a definite speed (other conditions
remaining same). The conduction velocity depends
upon the diameter of the nerve fibres, the thicker
fibres showing higher velocity. The conduction
velocity also depends upon the presence or absence
of myelination and also on temperature.

* Myelination: The conduction velocity of myelinated
fibres is proportional to the diameter of nerve
fibres. The conduction rate in msec is approxi-
mately 6 times the fibre diameter in microns in
fibres larger than 3 pm. The unmyelinated fibres
have a conduction velocity proportional to the
square root of the diameter of nerve fibres. With a
diameter of 1 pm the conduction velocities are
approximately the same.Below 1 pm unmyelinated
fibreshave a faster conduction rate than myelinated
fibres.

* Temperature has got an immense role in conduction

pressure it is thus possible to record any component of nerve impulse. In the cold-blooded animal
of the action potential. For example, if it is desired to conduction velocity is lower than those of the
fire y fibres along, the stimulus strength will be warm-blooded animal.
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Conduction velocity calculation: The conduction velocity
of a bundle of nerve fibres can be studies by stimulating
the nerve bundle at one end and recording compound
action potential at other end. If the length of nerve in
mm from the placements of the stimulating electrodes
to the recording electrodes is noted then the conduction
velocity V (msec) can be calculated easily by diving this
length of nerve fibres (L) with the latency (in msec) of
action potential: V (velocity in msec) = L (length of the
fibre in mm)/latency in msec (Fig. 21.6). In general,
greater the diameter of the nerve fibre, higher is the
velocity of conduction. The conduction velocity of
peripheral nerve fibres in man has been studied
intensively and it lies in between 60 and 120 msec.

Velocity/diameter ratio of a mammalian nerve fibre has been
worked out to be 6 (Hursh factor). If the diameter of the fibre
is known then the conduction velocity can be worked out by
simply multiplying the diameter (in u) with the ratio 6.
Conversely if the conduction velocity (msec) is divided by the
ratio 6 then the diameter (in u) can be found out. The ratio 6
has been considered for peripheral nerve fibres.

Factors Affecting Conductivity and Excitability

1. Temperature—cooling diminishes and warming
increases these properties.

2. Mechanical pressure—depresses conductivity and
excitability.

3. Blood supply—if blood supply be cut off both these
properties are lost.

ol

T

Stimulus
artifact

L1

Latency
(msec)

Fig. 21.6: Calculation of conduction velocity

4. Chemicals—CO, and narcotics, viz. ether, chloroform,
alcohol, Novocain, etc. diminish and finally abolish
excitability and conductively.

5. H-ion concentration—increased pH (alkali) increases
and decreased pH (acid) diminishes conductivity
and excitability. At pH 8.0 the nerve becomes hyper
excitable and spontaneous discharge may occur.
Even a single stimulus may cause multiple responses
(repetitive response).

6. Increased Ca** diminishes and decreased Ca**
increases conductivity and excitability.

7. Plasma K*: Hyperkalemia causes membrane
potential to become less negative which decreases
excitability by inactivating fast sodium channels.
Hypokalemia increases membrane potential hence
reduces excitability.

8. O, lack—depresses conductivity and excitability and
if continued abolishes these properties. If O, is
readmitted, they return.

3. ALL-OR-NONE LAW

If the stimulus be adequate a single nerve will always
give a maximum response. If the strength or duration
of the stimulus be further increased no alteration in the
response will take place. This property is present in
single fibre preparation. In the whole nerve this
property is different.

4, REFRACTORY PERIOD

When the nerve fibre is once excited, it will not
respond to a second stimulus for a brief period. This
period is called absolute refractory period. The
absolute refractory period means that the nerve is
completely refractory to stimulation—in other words
in incapable of eliciting an action potential at any
intensity of stimulation. During the absolute
refractory period there is total inactivation of the
sodium carrier mechanism and as the Na*ions cannot
enter the fibre, there is no development of the action
potential. Immediately following this, there is a brief
relative refractory period, during which the
excitability is subnormal but gradually rising. This
is succeeded by a third brief period of increased
excitability, known as supernormal phase. Lastly, there
is a period of subnormal excitability—subnormal phase.
Figure 21.7 demonstrates the different refractory periods.

When two stimuli are applied to one end of a nerve
at different time intervals, compound action
potentials are recorded and two different action
potentials are recorded (I, II). But as the time intervals
are gradually decreased, a time will come when the
second shock will fail to produce compound action
potential of equal length and the height will be
decreased (III, IV). This is happened in absolute
refractory period. But if the time interval is further
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Fig. 21.7: Diagram shows the nature of action potential
recorded by successive stimuli at different levels

decreased, then the second stimulation will fail to
elicitany response. This period is the absolute refractory
period (V).

In the large mammalian nerve fibres the durations
are as follows: Absolute refractory period: 2 to 3
milliseconds in frog but in mammal it is 0.5 millisecond.
Relative refractory period is 10 to 30 milliseconds in
frog but in mammal it is 3 milliseconds. Supernormal
phase is 12 milliseconds and subnormal phase may be
up to 70 milliseconds.

5. SUMMATION (LATENT ADDITION)

In a nerve fibre summation of two submaximal stimuli
is possible.

6. ADAPTATION

The nerve fibre quickly adapts itself. Due to this
adaptation there is no excitation during the passage of
a constant current. Only when the strength of the
current is suddenly altered or the current is made or
broken excitation takes place. A gradual change will
fail to excite.

7. ACCOMMODATION

If a stimulus even with stronger strength is applied
very slowly to a nerve, then there may have no
response only due to lack of attaining the threshold
strength. This phenomenon is called accommodation,
i.e. slowly applied stimulus is accommodated by
the nerve no matter how strong the stimulus is
applied.

8. INDEFATIGABILITY

In the nerve muscle preparation, if the nerve is
stimulated repeatedly, then after a certain period the
muscle fails to give any response. Now if that nerve is
isolated from the muscle and placed on a fresh muscle,
then application of stimulus will excite the muscle. This
shows that nerve is not fatigued.

Human Physiology

Metabolism in Nerve Fibres

Metabolic changes are constantly going on in a nerve
fibre at a very low level. During activity the metabolic
rate increases. It is known by the following facts:

Oxygen consumption and CO, production: Nerve fibres
continuously use O, and evolve CO,. The resting sciatic
nerve fibre consumes about 0.7 cu mm of O, and evolves
about 0.6 cu mm of CO, per gram of nerve fibre per
minute, the RQ being 0.8. During activity the extra
metabolism consumes about 0.25 cu mm of O, and
produces slightly smaller amount of extra CO, per gram
of nerve fibre per minute. The RQ of this extra
metabolism is about 0.99. The extra O, consumption
during activity occurs during the period of evolution
of delayed heat.

* When the frequency of stimulation is raised the total
O, consumption increases but that per impulse,
proportionally decreases.

¢ Increasing the strength of the stimulus above the
threshold value does not increase the O, consump-
tion.

Chemical Changes and their Relation with the
Properties of Nerve Fibres

Key Points

1. Unlike muscles, the excitability, conductivity and the
recovery process can go on in a nerve for a
considerable period even in absence of oxygen.

2. The chemical changes in the nerve are roughly of
the same nature as seen in the muscles. Pyruvic acid
is formed and if O, supply be insufficient, lactic acid
accumulates (same as in muscles). Thiamine which
is essential for complete oxidation of these acids is
found in good amount in the nerve fibres. Although
carbohydrates burn, yet they are not the only source
of energy (contrast with nerve cells, which possibly
use galactose). The breakdown of phospholipids also
takes an essential part here.

3. It is said that, the energy requirement of the resting
nerve is supplied by combustion of sugar and
phospholipids mainly.

4. During activity, ATP and creatine phosphate break
down and supply energy for the propagation of the
nerve impulse. Both ATP and creatine phosphate are
then resynthesised but the source of energy of this
recovery process is not known (may be in the same
way as in muscles). During activity acetylcholine is
liberated by the cholinergic fibres, while nor-
epinephrine by the adrenergic fibres.

5. The nerve fibres are rich in K* and thiamine. During
activity K* (and possibly thiamine) diffuses out and
Na* enters the fibres. This migration of K* and Na*
seems to be intimately related to the properties,
viz. excitability, conductivity, etc. of the nerve
fibres.
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HEAT PRODUCTION IN NERVE FIBRE

As already mentioned the metabolism in the nerve fibre
is very low. During rest a minute quantity of heat is
produced which increases during activity. Heat is
evolved in three phases: The first phase is called initial
heat and the other two phases are seen during recovery
and therefore known as the recovery heat or the delayed
heat.

Initial heat: Itis about 10% of the total heat (5-10 micro-
calories per second per gram of nerve fibre) but the rate
of evolution is very brisk being 5000 times greater than
that of delayed heat. It is anaerobic and coincides with
the spike potential. Its cause may be the breakdown of
ATP, creatine phosphate or, as Hill suggests, due to
the discharge of an electric double layer located at the
surface of the nerve fibre.

Delayed heat: It is aerobic and is 8.5 times more than
the initial heat. This energy is possibly used for the
resynthesis of ATP and creatine phosphate and as such,
for restoring the normal excitability of the nerve fibre.

It comes in two phases
The first phase lasts for few seconds and the quantity of
heat is small and is about the same as the initial heat.

The second phase may last for 10-30 minutes and

contributes the greatest proportion of both total and

delayed heat.

¢ Increase in the strength of the stimulus does not raise
heat production. But increased frequency increases
about 25%.

e It is to be noted that heat production in the grey
matter (nerve cell) is enormously greater than that
in the nerve fibre.

Classification of Nerve Fibres

Nerve fibres have been classified in different ways:

1. Histologically: Medullated and non-medullated

2. Functionally: Motor (efferent) and sensory (afferent).

3. Chemically: Adrenergic (producing norepinephrine)
and cholinergic (producing acetylcholine).

According to diameter and conduction velocity (Erlanger
and Gasser): The physiological properties of nerve
fibres vary with their diameter and conduction velocity.
Thicker the fibre, higher will be the impulse velocity
and spike potential but lower will be the refractory
period and stimulus threshold (chronaxie). Erlanger
and Gasser have divided the nerve fibres into A, B and
C.

On systematic examination of the compound action
potential of various nerves, it reveals that:
1. A fibres are myelinated, somatic, afferent and
efferent axons.
2. Bfibres are pre-ganglionic, myelinated, efferent,
and sympathetic axons.
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3. Cfibresare sympathetic and somatic, unmyelina-
ted axons. The C fibres are differentiated into two
groups—the sC and drC on thebasis of differences
in their after-potential. The drC group has got
no negative after-potential. C groups of fibres are
efferent, post-ganglionic sympathetic axons and
the drC groups of fibres are the small afferent
axons found in peripheral nerves and dorsal
roots.

In peripheral somatic fibres, both A and C fibres are present.

If such fibres are stimulated at one end and recorded through

oscilloscope at other end, then the compound action

potential formed in A fibres is of four different deflections—

o, B, v and 8. These different deflections are due to corres-

ponding stimulation of differentfibres of different conduction

velocities.

e a deflection is due to stimulation of nerve fibres having
comparative larger diameter with higher conduction
velocity.

e 3 deflection is due to stimulation of fibres having lowest
diameter and slowest conduction velocity.

Tables 21.1 and 21.2 and Flowchart 21.1 classification
according to conduction velocity and diameter of the
nerves.

MECHANISM OF CONDUCTION OF THE NERVE
IMPULSE

According to the membrane theory, the nerve
impulse is a propagated wave of depolarization. It
has been discussed more earlier that a resting nerve
fibre remains in polarized state, with positive charges
lined up along the outside of the membrane and
negative charges along the inside. As soon as the fibre
is excited at a point the polarity is changed and for a
brief period, it is actually reversed. This reversed
polarity is due to increased permeability of Na* to
the membrane and this depolarization of wave is
developed. A local circuit current flows between the
depolarized membrane and the resting membrane
areas. Positive current flows inward through the
depolarized membrane and outward through the
resting membrane and in this way circuit is
completed. This local depolarization current then
excites the adjacent portions of the membrane
producing progressively more and more depolariza-
tion. The depolarization wave travels in all directions
along the entire length of the nerve fibre. This type
of conduction is observed in the non-medullated
nerve fibre (Fig. 21.8).

Repolarization wave occurs from the point of
stimulus, a few ten thousandths of a second later than
the depolarization wave and spreads progressively
along the membrane following same directions as the
depolarization has spread previously.

/
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Table 21.1: Numerical classification of nerve fibres

Types of fibre Diameter of Velocity of Duration of Absolute Function

fibre in pm conduction spike potential refractory

in msec in msec period in msec

A-a 12-20 70-120 0.4-0.5 0.4-1.0 Proprioception; somatic motor
A-B 5-12 30-70 — — Touch, pressure
A-y 3-6 15-30 — o Motor to muscle spindle
A-d 2-5 12-30 — — Pain, temperature
B Less than 3 3-15 1.2 1.2 Preganglionic sympathetics
C dorsal root (drC)  0.4-1.2 0.5-2.0 2.0 2.0 Pain reflex response
C sympathetic (sC)  0.3-1.3 0.7-2.3 2.0 2.0 Postganglionic sympathetics

%Numerical classification of sensory nerve fibres: Sometimes sensory nerve fibres are numerically classified and have been presented along with
Erlanger and Gasser latter system in the following Table.

Table 21.2: Classification of nerve fibres on physio-chemical basis

Group  Letter system Origin Reflex response Central reflex Destination
connection
la A-a Muscle spindle: Annulo- Myotatic reflex of Monosynaptic Spindle of extensor of
spiral spindle ending muscle (tendon jerk) with motor neuron flex or muscle
of muscle of origin
— — — Relaxation of antagonist Disynaptic with Antagonist muscle
muscle during myotatic  antagonist
contration of agonist motor neuron
muscle
Ib — Golgi tendon organ Reaction lengthened Disynaptic with Muscle of origin

motor neuron of
muscle of origin

Il A-B and A-y Muscle spindle Relaxation of extensors  Polysynaptic Extensor and flexor
Flower-spray ending, and excitation of flexors motor neurons
skin, touch-pressure (flexor withdrawal)
receptors

1] A-8 Muscle and skin, pain-  Flexion withdrawal of ~ — -

temperature receptors same limb, crossed
extensor of opposite limb

v Dorsal root C fibres  Muscle and skin, pain ~ — — —
receptors

% On physio-anatomic basis—the peripheral nerves can be classified into afferent and efferent and each of which is again subdivided as presented
in the following Table.

Flowchart 21.1: Classification of nerve fibres on anatomical basis

Cranial and peripheral nerve fibres
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Fig. 21.8: Diagrammatic representation of current flow
around an impulse of axon in unmyelinated nerve fibre
representing movements of positive charges. A straight
arrow indicates direction of propagation

Saltatory Conduction in the Myelinated
Nerve Fibre

In the myelinated nerve fibre, condition depends upon
a similar pattern of circular current flow. Myelin
sheath is an effective insulator. Ions cannot pass
through the myelin sheath, and nodes of Ranvier
permeate ions to pass through it more easily. That is
why the membrane at nodes of Ranvier is 500 times
as permeable as it is in unmyelinated fibres. For this
reason the impulse is transmitted from node to node
rather than continuously along the entire length of the
fibre (Fig. 21.9). The depolarization in myelinated axon
jumps from one node of Ranvier to the next. This
jumping or leaping of depolarization from node to
node is known as saltatory (saltare = to dance) conduc-
tion (Figs 21.10 and 21.11).

The current which remains confined to the nodes
depolarizes the internodal part by local circuit action.
The myelin sheath increases the velocity of conduction.
Huxely and Stampfli in 1949 demonstrated the following
experiments.
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Fig. 21.9: Diagrammatic representation of local current flow
around an impulse, an axon in the myelinated nerve fibre
(saltatory conduction) representing movements of
positive charges. A straight arrow reveals direction of
propagation
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Fig. 21.10: Diagrammatic representation of the saltatory
conduction along a myelinated axon. The straight arrow
represents direction of propagation

PHYSIOLOGICAL PROPERTIES OF THE
NERVE FIBRES

Physiological properties of the nerve fibre can be studies
through the cathode ray oscilloscope (CRO). Action
potential or membrane potential or a single nerve fibre
can be studied by microelectrode placed within the
nerve fibre and a differential electrode placed outside
the nerve fibre. Each microelectrode is a minute
capillary glass tube with a tip of 0.25 to 2 microns filled
with a very concentrated potassium chloride solution
acting as an electrical conductor. The other ends of both
the electrode are connected to the cathode ray oscillo-
scope (CRO). The development of action potential in
the nerve fibre is viewed on the oscilloscopic screen of
the CRO.

Nerve Injury

By noting the electrical response of a muscle it is
possible to know whether it is degenerating or not. The
spot where the muscle receives its motor nerve is known
as the motor point. These points have been mapped
out for all skeletal muscles and during actual procedure
reference is made to these maps. The active electrode
(stigmatic electrode) is placed upon the motor point of
the muscle and the other passive electrode (generally
large and flat) is placed on a distant indifferent spot,
such as the back of the neck. By reversing the current
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Ranvier sheath

Fig. 21.11: Huxley and Stampfli's experiment to demonstrate
the conduction of nerve impulse depending upon action
current flowing outside the myelin sheath
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with a commutator, the stigmatic electrode may be
eithermadeanode or cathode. Withsuch arrangements,
four sets of reactions are seen. When the stimulating
electrode is cathode the response at make is called
cathode-closing contraction (CCC). The response at
‘break’ isknown as cathode-opening contraction (COC).
When the stimulating electrode is anode similar two
contractions are obtained and are known respectively
as anode-opening contraction (AOC) and anode-closing
contraction (ACC). The quantitative relation is as
follows: CCC > ACC > AOC > COC. When the muscle
degenerates:

ACC becomes greater than CCC

No response is obtained to Faradic stimulation;
muscle starts responding to galvanic stimulation
because the chronaxie is increased and excitability of
the degenerating muscle is decreased. A slow worm-
like contraction to galvanic stimulation. This is called
reaction of degeneration (RD).

Degeneration and Regeneration of Nerve

Nervesinjury may occur due to compression, ischaemia,
laceration, traction or burning. The damage to nerve
may vary in severity. The injury might be transient and
quick recovery of lost functions or it may lead to
degenerative changes.

Sunderland Classification of Nerve Injury

First degree injury: It constitutes transient ischaemia
and neurapraxia, the effects of which are reversible.

Second degree injury: Axonal degeneration takes place,
but as the endoneurium is preserved, regeneration can
lead to complete, or near complete recovery.

Third degree injury: The endoneurium is disrupted but
the perineurial sheaths remain intact and there is
limited internal damage. The chances axonal regenera-
tion exist but fibrosis and crossed connections will limit
recovery.

Wallerian degeneration: It occurs when a nerve axon
is cut, crushed, or frozen.

It is called anterograde degeneration. It is named
after Augustus Waller, a neurophysiologist (1816-1870),
who first described the process degeneration of injured
nerve fibres. Post injury as the axon is disrupted from
the neuron’s cell body it degenerates distal leading to
Wallerian degeneration. Degeneration usually occurs
within a day or two after a nerve injury. The axon’s
neurolemma is the outermost layer of the neuron made
of Schwann cells. It does not degenerate and remains
as a hollow tube.

The changes due tonerveinjury may progress as follows:
Early changes
1. Synaptic transmission disruption.

2. The cut ends pull apart and seal up, and swell, due
to axonal transport in both directions.

Human Physiology

After few hours later

3. Synaptic terminal degenerates and there is
accumulation of neurofibrils, vesicles, etc.

4. Astroglia surrounds terminal normally; after
axotomy. It interposes between terminal and target
due to which terminal get pulled away from post-
synaptic cell.

After days—weeks

5. Myelin breaks up and leaves debris (myelin hard to
break down).

6. Axon undergoes Wallerian degeneration

7. Chromatolysis: Cell body swells; nucleus of the nerve
cell becomes eccentric and Nissl bodies are sparse.

Regeneration

Regeneration takes place only outside the central
nervous system where neurolemma is present. Presence
of neurolemma is, therefore, essential for the process.
Hence, in the central nervous system, neurolemma
being absent, nerve fibres do not regenerate at all.

The following steps are seen during regeneration:

1. The axis cylinder grows out from the central cut end
as a rounded sprout and proceeds towards the solid
neurolemmal cord.

2. The proliferated Schwann tissue in the peripheral cut
end and its prolongation towards the central cut end
provide an influence (neurotropism) which guides
the approaching axis cylinder.

3. Each growing fibre splits up into numerous
neurofibrils (even up to 100), the Schwann cells
disappear and the fibrils enter the newly-made
neurolemmal tubes (2-3 weeks after the section, the
inner walls of the tube may contain a number of
fibrils. All the fibrils degenerate, excepting a single
one, which gradually enlarges and occupies the
central part of the whole length of the tube
proceeding peripherally.

4. The daily rate of growth is about 0.25 mm in the scar
tissue between the two cut ends and 34 mm in the
peripheral neurolemmal tubes.

5. Myelin sheath begins to appear in about 15 days and
proceeds peripherally along the fibre at a slower rate
than the growing axis cylinder. Increase in the dia-
meter of the fibre takes place very slowly. The
diameter of the fibre is limited by the size of the
neurolemmal tube and that of the parent nerve cell.

6. With a clean sharp wound and the cut ends being in
apposition, some degree of recovery usually takes
placein 6-24 months. For amotor nerve, recovery may
be complete. But for a mixed nerve, it is rarely so.

7. In the regenerated fibres the axis cylinder and myelin
sheath are reduced in thickness, the internodal
distance is also diminished. But the rate of conduc-
tion of nerve impulses in the regenerated fibres
remains the same.
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DEGENERATION AND REGENERATION OF NERVE

The framework of both sensory and motor endings can
resist degeneration for months. If the nerve fibres fail
to regenerate, the endings also atrophy. But if the fibres
regenerate, the living frameworks of the nerve endings
quickly establish connection with the growing fibres
and start functioning. Some of the newly growing fibres
may establish connection with new types of endings in
new situations. It is also possible that some growing
nerve fibres may reach a place where there was no nerve
ending at all and absolutely fresh nerve endings may
develop around them. Complete functional regeneration
occurs after histological regeneration—3 weeks in case
of motor nerve fibres and 5 weeks in case of sensory
nerve fibres.

Transneuronal Degeneration

When a neuron or its motor fibre degenerates the
neuron next in the chain is often found to degenerate
also. This takes place in spite of the fact that there is no
anatomical conditions continuity through the synapses.
It is probably an example of disuse atrophy. In many
conditions, this type of degeneration occurs, e.g. after
section of the optic nerve, the cells in the lateral
geniculate body degenerate. After section of the
posterior spinal root, the posterior horn cells degenerate.
In lesions of the motor cortex or pyramidal tracts, the

Thus to summarize: The process of nerve injury and repair

includes the following steps

Example: Injury to target organ (striated muscle).

1. Following the nerve injury the distal part of the axon will
undergo disintegration and the myelin sheath breaks up.

2. The nucleus of the nerve cell becomes eccentric and Nissl
bodies are sparse.

3. During stage of recovery the new axonal tendrils grow into
the mass of proliferating Schwann cells.

4. The tendrils find its way into the old endoneurial tube and
the axon thereafter slowly regenerate.

Recorded action potential

anterior horn cells may degenerate. This type of
degeneration may be the underlying cause of the so-
called system diseases, viz. amyotrophic lateral
sclerosis, etc. where degeneration of anterior horn cells
follows that of the pyramidal tracts.

CATHODE RAY OSCILLOSCOPE (CRO)

The cathode ray oscilloscope is
used to estimate or measure the
electrical changes of the living
tissues. A cathode emits electrons
when a high voltage is applied to
it with a suitable anode in a
vacuum. These emitted electrons
are directed into a focused beam
which strikes the face (screen) of
the glass tube of the CRO. The
screen of the CRO is coated with
anumber of fluorescent substances
(phosphors) which emits light
when struck by electrons.

Karl Ferdinand Braun invented the Cathode Ray
Tube Oscilloscope in 1897 when he was experimenting
on physics principles of applying an oscillating signal
to electrically charged deflector plates in a phosphor-
coated CRT.

In a CRO torecord the action potentials, two electrical
circuits must be employed which are as follows:

1. An electronic sweep circuit
2. An electronic amplifier.

Karl Ferdinand Braun
1850-1918

The electronic sweep circuit is connected with two
vertical metal plates (X-plates) on either side of the
beam in the cathode ray (CR) tube. By altering the
electrical potentials at a very highspeed it moves the beam
of electrons horizontally across the screen of the tube
from left to right and when the beam reached the right
extremity, it jumps back to the left side and in this way
the beam is always moving from to right. There are
two metal plates, in the cathode ray tube, which

Vertical First
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= !
€ “Electron beam .DBH < \
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Fig. 21.12: Simplified, diagrammatic representation of the main connections of the CRO to action potential changes
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arranged horizontally, one above and the other below
the electron beam. The Y plates (horizontal) are
connected, with the electronic amplifier. This set of
deflecting plates move the electron beam up and
down with the change of action potential in them.
For experiments, the electrodes are place on the nerve
fibre or the tissue of which the electrical potential
change is to be measured. These electrodes are
connected with the amplifier circuit thereby to the
horizontal plate (y-plates). The potential change in
the tissues after proper amplification is transmitted
to the Y plates and recorded as vertical deflections
of this electronic.

Beam on the screen which may be photographed
for permanent record. Within the CR tube itself,
cathode serves as a source of electrons; grid controls
the intensity of electron beam and brightness of the
spot. The first anode compresses the flow of
electrons into narrow beam whereas the second
anode (electron gun) is highly positive and
accelerates the beam of electrons. The electric
stimulator, of which one is connected with cathode
and the other with anode, applies a short (or as
chosen) voltage (pip) to the nerve stimulating
microelectrodes (Fig. 21.12).

EXAM-ORIENTED QUESTIONS
Essay

1. Discuss the properties of nerve fibre.

2. Classify nerve fibres. How is the impulse conducted in
various nerves?

3. Describe the mechanism of Wallerian degeneration and
regeneration of nerves.

Human Physiology

Short Notes

1. Excitability of nerve
All-or-none law in nerve
Conductivity in nerve
Metabolism in nerve fibres
Electrotonic current
Electrotonus

Cathode ray oscilloscope
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Recent Advances: Nerve Growth Factor

Rita Levi-Montalcini
1909-2012

Stanley Cohen
1922

Stanley Cohenand Rita Levi-Montalcini jointly received
the Nobel Prize for Physiology and Medicine in 1986
for their discovery of Nerve Growth Factor. Cohen later
discovered the epidermal growth factor too. His research
on cellular growth factors has helped in understanding
the developmentof cancer and designing anti-cancer drugs.



Chapter

22

Neuromuscular Junction

INTRODUCTION

Anatomical Considerations (Fig. 22.1)

The motor nerve before ending into the muscle fibre
loses its myelin sheath. The nerve fibre, at its
termination, branches into several expanded structures
which are known as axon terminals or sole feet.
Under light microscope (Fig. 22.2) the myoneural
junction shows naked motor nerve endings with the
Schwann cells. The expanded nerve endings or sole feet
lie within the corrugated sarcolemma—the junctional
folds of the muscle fibre. The corrugated sarcolemma
is formed by the numerous invaginations of the
sarcoplasm. These sarcolemma invaginations are,
collectively called synaptic gutter. The sole feet do not
end within the sarcoplasm but a gap is present in
between the axon membrane and the sarcolemma.
This gap is known as synaptic cleft. Synaptic cleft is
filled with extracellular fluid (gap substance). The

Mitochondria

Unmyelinated end of motor nerve

Mitochondria of muscle

synaptic cleft is having a diameter of 20-30 nm
(nanometres). It is the space between the axon terminal
and the muscle cell membrane. It contains the enzyme
cholinesterase which can destroy ACh. Numerous muscle
nuclei are also seen in the sarcoplasm. Under electron
microscope (Fig. 22.3), the sole feet show the presence
of mitochondria, numerous vesicles, smaller granular
elements and also endoplasmic reticulum. The whole
sole foot is covered by the cytoplasm of the Schwann
cell. This substance is stored in the vesicle and released
when the propagated impulse reaches the post-
junctional membrane (PJM) or post synaptic membrane.
The axon terminal contains around 300,000 vesicles
which contain the neurotransmitter acetylcholine (ACh).
Cholinesterase is present in the rim of the synaptic gutter.

Due to presence of multiple folds in the sarcolemma,
the total surface area at which the transmitter substance
acts is increased. Mitochondria are also present in the
sarcoplasm.

Folds in end-plate
membrane

Schwann
sheath cell

Nucleolus

Fig. 22.1: Diagrammatic representation of an electron microscopic structure of the neuromuscular junction
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Fig. 22.2: Diagrammatic representation of the relationship of nerve ending to the muscle fibres (neuromuscular junction)
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Fig. 22.3: Electron microscopic appearance of myoneural junction at the region of an axon terminal (sole foot) ending

in the motor endplate

Synthesis of Acetylcholine in Motor Neuron

The ACh is synthesized locally in the cytoplasm of
the nerve terminal, from active acetate (acetyl
coenzyme A) and choline. Then it is rapidly absorbed
into the synaptic vesicles and stored there. The
synaptic vesicles themselves are made by the Golgi
apparatus in the nerve soma (cell-body). Then they
are carried by axoplasmic transport to the nerve
terminal which contains around 300,000 vesicles.
Each vesicle is then filled with around 10,000 ACh
molecules. As action potential reaches the synaptic
knob the Ca channels open increasing calcium
permeability. The vesicle fuses with presynaptic
membrane to release the neurotransmitter (NT) from
synaptic knob to synaptic cleft. The neurotransmitter
combines with specific receptors on the other membrane
post-synaptic potential to generate end-plate potential.

EPP then spread by local current to adjacent muscle
fibres which are depolarized to threshold and fire
action potential.

Sequence of Events in Neuromuscular
Transmission (Fig. 22.4 and Flowchart 22.1)
Pre-synaptic Events

1. The action potential is initiated in the pre-synaptic
motor neuron and invades the endplate region.

2. The depolarization of motor neuron up to terminal
buttons result in the opening of voltage-dependent
calcium channels. There is influx of Ca?, down its
concentration gradient.

3. The increased cytoplasmic concentration of calcium
enhances the movement of microfilament and
microtubules which moves the vesicle to the pre-
synaptic membrane. The fusion of vesicles containing
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acetylcholine (ACh) to the membrane of the
terminal buttons, resulting in exocytosis of ACh.
Acetylcholine diffuses across synaptic cleft to the
muscle cell.

Synaptic cleft events: The acetylcholine is then
degraded by acetyl cholinesterase present in the
synaptic cleft and some acetylcholine diffuse out of the
cleft. About 50% of choline is returned to the pre-synaptic
terminal by Na* choline transport to be reused for ACh
synthesis.

Post-synaptic Events

1. Acetylcholine binds to nicotinic ACh-receptors at
endplate. The receptor binding of acetylcholine
causes opening of cation channels, leading to influx
of Na*.

2. The resulting depolarization of muscle cell
membrane at the endplate is referred to as the
endplate potential (EPP). The small quanta (packets)
of ACh are released randomly from nerve cell at rest,
each producing smallest possible change in
membrane potential of motor endplate, the miniature
EPP. When nerve impulse reaches the ending, the
number of quanta release increases by several folds
and result in large EPP.

3. EPP then spread by local current to adjacent muscle
fibres which are depolarized to threshold and fire
action potential.

4. The local depolarization causes adjacent regions to
be depolarized, causing an AP in the muscle cell
membrane.

5. AP spreads out in all directions from the endplate,
propagates along muscle cell, initiating contrac-
tion.

Pre-synaptic

terminal
Ca” channel

voltage-gated

Acetyl-
choline

Synaptic cleft

Post-synaptic
membrane

Release of
acetylcholine

e'g e’o

Fig. 22.4: Events in neuromuscular transmission

Flowchart 22.1: Neuromuscular fransmission

Propagated action potential

!

Depolarizes the neuron terminals—ACh released
from synaptic vesicles with the Ca™ influx

v
ACh diffuses across the synaptic cleft—ACh
forms a transmitter-receptor-complex with
receptor substance of the PUIM
|
v
Production of end-plate potential (EPP). Initiation of
propagated muscle action potential in the sarcolemma
—transmission of action potential from sarcolemma to
the contractile units of muscle through excitation—
contraction coupling and development of muscle
tension: Muscular contraction takes place

To ensure purposeful movement muscle cell
electrical response is turned off by acetylcholinestrase
(AChE), which degrade ACh to choline and acetate.
Now muscle fibre can relax, if sustained contraction is
needed for the further desired movement another motor
neuron AP leads to release of more ACh.

Neuromuscular Blockers

These are non-depolarizing or competitive and

depolarizing neuromuscular blockers.

1. Non-depolarizing neuromuscular blocker: The
prototype of non-depolarizing neuromuscular
blocker is tubocurarine. The new generation non-
depolarizing neuromuscular blockers are pancuronium
and gallamine. In small clinical doses they act the
predominantly at the nicotinic receptor site to block
ACh. At higher doses they can block pre-junctional
Na channels thereby decreasing ACh release.
Because of the competitive nature of the postsynaptic
blockade, transient relief of the block can be achieved
by increasing ACh levels at the synaptic cleft (i.e.
use cholinesterase inhibitors).

2. Depolarizing neuromuscular blocker: The prototype
of depolarizing agent is succinylcholine. The actions
are similar to ACh but are longer acting. The
membrane is depolarized by opening acetylcholine
receptor channels causing brief period of muscle
fasciculation. The endplate eventually repolarizes
but because succinyl choline is not metabolized like
ACh it continues to occupy the acetylcholine receptor
to desensitize the endplate. Because of the mechanism
of action of depolarizing drugs is similar to ACh,
their blocking effects are augmented by acetylcholine
esterase inhibitors.

Reversible acetylcholine esterase (AChE) inhibitors:
They compete with acetylcholine to bind to acetylcho-
line esterase inhibitors and prevent hydrolysis of
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acetylcholine. The example of AChE inhibitors are

physostigmine and neostigmine.

1. Myasthenia gravis: It is a disease involving
neuromuscular junction and is characterized by the
extreme muscular weakness. It is an autoimmune
condition in which the body produces antibodies
against its own motor endplate ACh receptors. All
of the ACh molecules do not find functioning
receptors site to bind. As a result AChE destroys
much of ACh before it ever has a chance to interact
with receptor site and contribute to EPP. It is
characterized by muscle weakness and it gets
typically aggravated by repeated contraction. The
typical clinical presentation attributed to myasthenia
is weakness of ocular muscles causing drooping of
the eyelid. The disease may progress and affect facial
muscles, limb girdle muscles, and respiratory
muscles. The patient may suffer from respiratory
paralysis leading to death. It is treated with long
acting anticholinesterase inhibitor pyridostigmine or
neostigmine.

2. Lambert-Eaton myasthenic syndrome: It is an
autoimmune disorder affecting the presynaptic
portion of the neuromuscular junction. This unique
triad of symptoms; presented by patient are proximal
muscle weakness, autonomic dysfunction and
areflexia. Proximal muscle weakness is a product of
pathogenic autoantibodies directed against voltage-
gated calcium channels, and this leads to decreased
release of acetylcholine from motor nerve terminals
on the presynaptic cell.

SYNOPSIS OF THE NEUROPHYSIOLOGICAL
MECHANISM

This mechanism involves reception of stimulus by the
receptor organ, transmission of the impulse from one
neuron to another and transfers of the impulse through
the motor endplate to the muscle.

Let the pacinian corpuscle be the receptor which is
lamellated like onion with naked axis cylinder of the
sensory nerve arborising in the central core responds
to changes in pressure.

When a stimulus is applied to corpuscle it gets
deformed and the mechanical stimulus is transformed
into electrochemical signal which is conducted along
the sensory nerve fibre. The membrane of the outer side
the axis cylinder within the receptor contains
abundance of sodium and chloride ions, whereas there
is predominance of potassium ion inside the axoplasm.
Under resting condition the outer side of the membrane
is positive and the inner side is negative. When the
lamella is deformed it causes ionic movement across
the membrane of the axis cylinder which has got specific
permeability. There is at first inward flow of sodium
and chloride ions which is followed by the outward
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flow of potassium ion. Due to these ionic movements
slight depolarization of the membrane occurs. This is
known as generator potential. This again depolarizes
the adjacent axon membrane. When the stimulus is
adequate, the depolarization reaches the threshold level
and the depolarization spreads at the first node of
Ranvier. This is action potential. It is generated at the
first node of Ranvier and then there is saltatory
conduction, i.e. it is conducted in ‘jumps’ or ‘leaps” at
each successive node along the sensory nerve. At the
node of Ranvier there is major inward and outward
flow of ions along with electrical currents. The current
which remains confined to the nodes depolarizes the
inter-nodal part by the local circuit action. This action
potential lasts for a very short time, i.e. 1 millisecond.
The action potential follows each other very quickly
along the sensory nerve. The refractory period of the
nerve is also 1 millisecond. So there is the saltatory
conduction of the impulse into the grey matter of the
spinal cord through the sensory neuron and is
transmitted to the motor neuron of the anterior horn.
At the synaptic junction in the spinal cord the axon
terminals make an intimate contact with the membrane
of the motor neuron. The pre-synaptic and post-synaptic
membranes form the synapse. The synapse acts as a
functional unit of the transmission of impulses. At the
membranes there is predominance of sodium and
chloride ions on the outer side, whereas potassium ion
on the inner side. Due to this ionic distribution there is
difference of potentials across the synaptic membranes.
The small synaptic vesicles are also activated and there
is liberation of acetylcholine. The permeability of the
postsynaptic membrane is increased and there is ionic
movement along with the small electrical current. Due
to these changes excitatory postsynaptic potential
(EPSP) develops. Then the impulse is propagated to
the anterior horn cell. Under normal condition the
impulses may be excitatory or inhibitory. When there
is preponderance of excitatory stimulation over the
inhibitory stimulation there will be depolarization of
the motor neuron membrane and the discharge of the
action potential. When there is predominance of
inhibitory stimulation over the excitatory stimulation
there will be hyperpolarization of the motor neuron
membrane. The inhibitory postsynaptic potential (IPSP)
will develop and will inhibit the discharge of any
impulses. When the motor neuron is excited, the
impulse is transmitted to the motor endplate. The
postjunctional membrane and the axon are quite
separate and remain at a slight distance. When the
motor endplate is excited, it gets depolarised. There is
inflow and outflow of ions. Acetylcholine plays an
important partin this process. Endplate potential (EPP)
develops. The membrane of the muscle fibre is
subsequently depolarised to the threshold level and the
action potential in the muscle is produced. Subsequently
the contraction of the myofibrils occurs.
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EXAM-ORIENTED QUESTIONS
Essay

1. Describe the neuro-muscular junction? Discuss the sequence
of events in neuromuscular transmission.

Short Notes

1. Neuromuscular blockers

2. Myasthenia gravis

3. Lambert-Eaton syndrome

4. Duchenne muscular dystrophy

Recent Advances: Humoral Transmitters in the
Nerve Terminals and the Mechanism for their
Storage, Release and Inactivation

Julius Axelrod is an American biochemist shared the

1970 Nobel Prize in Physiology or Medicine with
Bernard Katz and Ulf von Euler. They explained

UlIf von Euler
1905-1983

through their discovery the mechanism of release and
reuptake of catecholamine neurotransmitters epinephrine,
norepinephrine and dopamine.

They proved by the experimentation that catechola-
mine neurotransmitters after being released into the
synapse are recaptured (“reuptake”) by the pre-synaptic
nerve ending, and recycled for later transmissions. This
research laid the groundwork for discovery of selective
serotonin reuptake inhibitors (SSRIs) which block the
reuptake of neurotransmitter, serotonin.

REFERENCES
1. Pincock S. “Julius Axelrod”. The Lancet 2005;365(9457):
380-329.
. " 2. Raju T.N. “The Nobel chronicles. 1970: Bernard Katz
Julius Axelrod Bernard Katz (b 1911), UIf Svante von Euler (1905-1983), and Julius
1912-2004 1911-2003 Axelrod (b 1912)”. Lancet 1999;354(9181): 873.
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INTRODUCTION

The characteristic property of muscular tissue is its
ability to contract when excited. The property of
conductivity is also well developed in muscular tissue
though not to the degree as that of nervous tissue
(Flowchart 23.1). These special functional characteristics
are present due to the special modification of the

Classification of Muscular Tissue

general properties of the protoplasm. The energy
required for the performance of the muscular work is
obtained through the metabolism of the food
substances. So for their prolonged performance, an
efficient blood circulation is essential for constant
supply of food materials and oxygen and removal of
metabolic waste products.

Flowchart 23.1: Classification of muscular tissue

Muscular tissue

- v N
On the basis of On the basis of On the basis of
cross striation nature of control distribution
l l
v v v v v
Striated Non-striated Voluntary Involuntary Skeletal Cardiac Visceral
— (plain smooth) (controlled by  (not confrolled  (striated (striated non-striated
volition) by volition) voluntary) involuntary) (plain or
smooth)
involuntary
Cohnheim’s Intercalated
Fibroblast area Fibroblast  (intercalary) disc Perikaryon  Nucleus

Longitudinal Transverse  Adipose Longitudinal
section section tissue section

T | T
Transverse Fibroblast  Longitudinal
section section

Transverse
section

Fig. 23.1A to C: (A) Skeletal muscle; (B) Sectional view of cardiac muscle; (C) Sectional view of visceral muscle
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MUSCLE CLASSIFICATION

Muscles are classified into three types (Fig. 23.1A to C):

1. Morphological basis: As striated and non-striated
(plain smooth)

2. Functional basis: Basis of their control: Voluntary and
involuntary.

3. Basis of distribution: Skeletal (striated voluntary),
cardiac (striated involuntary) and visceral (plain or
smooth and non-voluntary)

The term muscle fibre is attributed to a muscle cell
due to its elongated shape which is specially adopted
for the contractile function. These muscle fibres have
no similarity with the various fibres present in the
connective tissue except their elongated thread-like
structure. They are fundamentally of different natures.

EXAM-ORIENTED QUESTION
Short Note
1. Discuss the classification of muscle.
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Structure of Skeletal Muscle

INTRODUCTION

The skeletal (voluntary and striated) muscle fibres are
multinucleated cylindrical structures having a clear
display of longitudinal and cross-striations. This
muscular tissue is responsible for voluntary movement
of the living system. It can perform works of rapid,
powerful contraction as well as that of prolonged slow
sustained tonic contraction.

Distribution

These muscles mostly in all instances are attached to
osseous tissues (bones), innervated with somatic nerves
through which volitional control is performed. In the
fresh state the human skeletal muscle is pink in colour
due to the presence of muscle pigments and high
vascularity. Due to variation in colour there arered and
white (or pale) muscles.

Origin and Development

The skeletal muscle is developed from the solid mass
of the mesoderms (myotomes) except the muscle of the
head which is developed from the loose mesenchyme.
The cells, which give rise to the muscular tissue, are
named as the myoblasts. In the myotome they are
regular cylindrical but gradually they become
elongated, spindle-shaped, parallel bundles and
ultimately the multinucleated myofibrils with
characteristic cross-striation appearance.

There are three theories for the appearance of the
multinucleated skeletal muscle cell:

1. The myoblasts fuse together during the process
of development of the muscle fibre which was
supported by many with electron micrography
(observed in developing myotome of amphibian
larvae).

. In the course of the development of the skeletal
muscle fibre (cell), the nucleus is multiplied by
mitotic division, but the cytoplasm does not
divide accordingly.
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3. Both the processes as described under (1) and
(2) may take place. During the early phase of
development of the skeletal muscles of mammals
the nucleus of the muscle fibre migrates towards
the periphery from the centre of the cell to
accommodate myofibrils at the central core.

General Features

Characteristic Features

1. The skeletal muscles are attached to a bone by means

of the tendons nearly in all cases.

A tendon is composed of densely packed white

fibrous (non-elastic) connective tissue.

. The fibres of the tendons are affixed to the
sarcolemma of the muscle fibres at the junctional
point. This is surrounded by areolar tissue; to
strengthen the junction.

. Like other muscles, the skeletal muscle is also
supported by various connective tissues.

e Epimysium:Itis the connective tissue coat, and the outer-
most covering for each whole skeletal musclebulk.
Perimysium: The whole muscle bulk is divided into
smaller bundles, the fasciculi, bounded by the
perimysium (the connective tissue septa).
Endomysium: Now again each fasciculus consists
of muscle fibre which is enclosed in a delicate
areolar connective tissuejacket, the endomysium.
. The connective tissue content of different muscle

varies widely. The proportion of connective tissue

is highest in the muscles responsible for the fine and
precise movements.

2.

Histological Structure of Muscle Fibres
Key Points

1. The skeletal muscle fibres are cylindrical, elongated
cells with multiple nuclei.

2. The length and breadth of the muscle fibre vary from
1.0 to 4.0 mm and 0.01 (10 pm) to 0.1 mm (100 pm)
respectively.
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3. The transparent cell wall of the muscle fibre is named
as sarcolemma. It is visible under light microscope
when fresh muscle fibres are teased.

4. Electron micrograph shows that it is made up not
only of the plasmalemma but also of an extrinsic coat
of amorphous material, similar to the basement
membrane. This amorphous layer is pierced and
encircled by reticular fibres.

5. Inside the plasmalemma elongated multiple nuclei
and transversely striated myofibrils (bundles of
myofilaments) are embedded in the sarcoplasm.

6. The sarcoplasm contains other constituents as that
of any other cell, e.g. numerous mitochondria), a
small Golgi apparatus near each nucleus, myoglobin,
lipid, glycogen, sarcoplasmic reticulum (endoplasmic
reticulum in case of other tissue), etc. Fibres which
are richer in sarcoplasm are darker in colour and vice
versa.

Myofibrils (Fig. 24.1): Characteristic Features

The characteristic features of skeletal muscle, the
alternate light and dark shades (transverse striations)
and thick longitudinal strands can be studied with light
microscope.

1. Electron microscopy reveals that the longitudinal
striation is due to the presence of myofibrils of
different thickness whereas the transverse striation
is due to the presence of alternate light and dark
segments of longitudinally arranged elements.

2. In cross-section, myofibrils appear as fine dots
either distributed uniformly or in a group of
polygonal areas. They are separated from adjacent
bundles by clear sarcoplasm. The separated
myofibrils by the sarcoplasmic areas are known
as fields of Cohnheim (see Fig. 23.1).

3. The dark band is doubly refractive (anisotropic)
when studied under polarized light, hence the
name A band (sometimes called Q-band).

4. The light band is monorefractive (isotropic) under
polarized microscope, from which the name is
derived I-band (sometimes known as J-band).

5. This I-band is bisected at the midpoint by a thin
darkly stained line—the Z-line (sometimes called
Dobie’s line) which is also known as Krause’s
membrane.

6. The Z-lineis made of amembrane extending across
the myofibrils. The myofibrils are tortuous at these
Z-lines. The portion enclosed by two adjacent Z-
lines of a myofibril is considered as the contractile
unit and is named as sarcomere. It extends 2 to 3 pm
in length.

7. Incertain exceptional preparations, central portion
of the A-band is paler in colour and called the
H-band (Hensen's line).

8. At the midpoint of the H-band, i.e. also of the
A-band, there is a narrow dark line, M-line or

M-band, where the myosin filaments are
thickened.

9. The myosin and actin filaments are overlapped at
the peripheral dark portion of the A-band, which
is named as the O-band.

10. Onboth sides of the Z-line, somewhere in the mid-
region of the I-band there is a comparatively darker
thin transverse line—the N-line.

Fine structure: Electron micrography reveals that fine
thread-like protein filaments together forms the
myofilaments, of which the thicker component is
myosin filament (100 A in diameter) and thinner oneis
actin filament (50 A in diameter).

The primary structure of myosin and tropomyosin
is characterized by a large amount of acidic and basic
amino acid content, that confer a very high charge on
the molecules. Actin, troponin and a-actin in contrast
have got low charge and are further distinguished by
their high proline content.

Myosin Filaments

The myosin filaments (Fig. 24.1) are present as parallel

strands throughout the whole length of the A-band.

1. The length of myosin filament is about 1.5 pm (15,000 A)
and is slightly thicker at the midline.

2. On further dissociation of these filaments, the myosin
molecules (1500 A in length) appear as rod-shaped
with a globular projection at one end (Fig. 24.2E).

3. The peripheral bead-like structures of myosin
filaments are due to the presence of globular heads
of the myosin molecule (Fig. 24.2D). Rod-like portion
is named as light (L) meromyosin and the head
portion, i.e. the globular portion is as heavy (H)
meromyosin (Fig. 24.2D).

4. The heavy meromyosin has got two components. The
head portion is known as heavy meromyosin sub
fragment 1 and the neck is heavy meromyosin sub-
fragment II (Fig. 24.2C). The heavy meromyosin
sub-fragment I possesses all the enzymatic and actin-
combining properties of the parent(myosin) molecule.

5. In each 400 A segment of the myosin filament, there
are six heavy meromyosin heads (cross-bridges).
These heavy meromyosin heads are arranged in a
helical manner with a radial pattern of 60° and each
set of six bridges complete one revolution around
the myosin filament.

6. Each heavy meromyosin head is pointed towards a
separate actin filament and thus the cross-bridges
with actin occur at approximately 400 A intervals
along the myosin filament (Fig. 24.2E).

7. The heavy meromyosin is responsible for the ability
in formation of the cross-bridge with actin and also
for the ATPase activity essential for muscular
contraction. This heavy meromyosin is sometimes
named as the active point of myosin molecules.
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Fig. 24.2A to F: Minute structures of actin and myosin filaments: It is to note that the model of myosin molecule in E
(according to EM evidence is different from F (according to X-ray analysis by Huxley), where these are pairs of heads in
opposite direction at 140 AU interval in the myosin filament (diagrammatic representation)
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8. Atthe M-band region (midpoint of myosin filament)
the union of myosin molecules occurs tail-to-tail, but
at this region the myosin filaments appear thicker
indicating that there is possibility of presence of some
proteins of unknown nature (attached to central
portion of myosin filament, Fig. 24.3A) which may
help in strengthening the tail-to-tail union of the
myosin molecules.

Functions of M-bands are
i. Tomaintain the parallel alignment of the myosin
filaments
ii. To guide the actin filaments during contraction.

Actin Filament

Actin filaments are extended from each Z-line within a
sarcomere towards the H-band and connected with the
other actin filaments by the S-filament (Fig. 24.1) within
the H-band. It extends 1 pm in both sides of the Z-line.

Characteristic Features

1. According to Knappeis and Carlsen, the length of
the actin filament is about 1 pm.

2. With very high magnification, the F-actins—fibrous
actins appear as beaded and seem to consist of
globular sub-units (55A)—G-actins (Fig. 24.2A)
forming two strands entwined in a helix. These
strands are therefore a polymer of G-actin.
Containing 13 G-actins; at each turn of the helix

(Fig. 24.2B).

3. Low-angle X-ray studies and also chemical
investigations suggest that the tropomyosin and
newly known troponin are oriented in the grooves
of the actin helices.

4. The actin filaments, approaching the Z-lines, appear
to be continuous with four fine diverging filaments—
Z-filaments (Fig. 24.3B). It is believed that these
Z-filaments contain the muscle protein—tropomyosin.

5. In cross-section, the arrangement of the actin
filaments appears in hexagonal shape with one

M-band

Myaosin filament

M-band filament

cross-bridge
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myosin at the centre, but again whenthat of the thick
filaments is considered then the myosin filaments
are forming triangles with one central actin filament
(Figs 24.1 and 24.3).

6. The thin filaments actin is connected to each other

longitudinally by means of the still far more thinner
S-filaments (Fig. 24.1).

Sarcotubular System

Under electron microscope, the myofibrils are seen to
have surrounded by a canalicular network of membrane-
limited tubules—sarcoplasmic reticulum.

Characteristic Features

1. The sarcoplasmic reticulum is identical with the
endoplasmic reticulum of other cell type but with
the difference that its membrane does not possess
ribosome.

2. The sarcoplasmic reticulum is extended longitudinally
along the A-band with frequent anastomosis in the
region of the H-band and also in the I-band.

3. The sarcoplasmic reticulum is connected at its both
longitudinal and terminal ends by another set of the
transverse cisterns—terminal cisternae (Fig. 24.4).

4. The terminal cisternae have got larger caliber and
are thus continuous and confluent with the longi-
tudinal reticulum (sarcotubule).

5. Pairs of parallel terminal cisternae (adjacent terminal
cisternae) are separated from each other by a slender
transverse tubule which is known as T-tubule.

6. This T-tubule is not confluent with the terminal
cisternae and is a tubular invagination of the
sarcolemma but not a part of sarcoplasmic reticulum.
It is continuous with the extracellular space. These
tubules are generally called T-system. The pairs of
terminal (transverse) cisternae and the central
T-tubules are collectively called triads (Fig. 24.4).

Actin filaments

Fig. 24.3A and B: Arrangements of myosin M-band filaments at M-band. (A) actin-fropomyosin at Z-line (B)




Nerve and MuscIeJ

Sec "[

166 Human Physiology

T (fransverse) tubule —— Endo- Mito- Fenestrated  Sarcoplasmic

i i reficulum
Sarcolemma mysium  chondrion collar

Myofibrils

C.S | @=iloa =

A |
\ ARSI A
\ | [ j |
RE: , £ | Tia
Terminal A
cisternae
Sarcomere

Fig. 24.4: Sarcotubular system of the mammalian skeletal muscles showing the triad to pass at the A-| junction
(diagrammatic representation)

7. In amphibian muscle the triads encircle the I-band with intercommunicating transverse branches. No
at the region of the Z-line but in mammalian muscle, capillaries penetrate sarcoplasm. The great arteries
the same is present at the junction of each A-band and veins are seen in the perimysium. The largest
with the adjacent I-band. So in mammals there are and smallest veins possess valves.
two sets of triads in each sarcomere (Fig. 24.4:). The e The lymphatic Supply communicates with blood
T-system plays an important role in quick vessels of epimysium and perimysium. But
transmission of impulse from the cell surface to each lymphatics are not found between these muscle fibres
my ofibril. (Flowchart 24.1).

* Myelinated nerve fibres supply striated muscle. The

Blood Vessels, Lymphatics and Nerves of motor nerve endings terminate at end plates. The

Skeletal Muscle sensory nerves end in groups of modified muscle
e Skeletal muscles are richly supplied with networks fibres known a muscle spindles. Functions of
of anastomosing capillaries which run longitudinally sympathetic nerve here are not known.

Flowchart 24.1: Micro-anatomical organization of the muscle fibre has been presented schematically
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Ending of Muscle in Tendon Red muscle fibres undergo fatigue less rapidly
than white (or pale) muscle fibres and are well

At the musculotendinous junctions the endomysium, : :
¢ T junct Y adapted for static or postural contractions.

perimysium and epimysium of the muscle become

continuous with the fibrous tissue of the tendon. 2. White (Qr pale) muscle fibres are deficient in
myoglobin and generally present in frogs. These
Red and White (or Pale) Muscles white fibres are small, regular and have poor

sarcoplasm, peripheral nuclei. These white fibres
possess a high rate of anaerobic glycolysis with intense
activity of glycolytic enzymes and phosphatase.
White fibres being predominant in flexor muscles
help phasic contractions by which changes in the
position of the body or a limb are done. In some
mammals (e.g. rabbits) including the human and
birdshave both red and white (or pale) muscle fibres.

A muscle fibre, being composed of anumber of delicate

fibrils surrounded by a more fluid sarcoplasm and

having mitochondria and sarcoplasmic reticulum,
possess respiratory pigment, myoglobin (muscle
haemoglobin) within the sarcoplasm.

1. Red colour of the muscle fibre is due to the presence
of myoglobin. This myoglobin acts in the transport
of oxygen from blood vessels (capillaries) in the
extracellular space to the sites of oxidation
(mitochondria). In most mammals, all the muscle =~ EXAM-ORIENTED QUESTIONS
fibres contain cytochrome and more myoglobinand  Essay
look red. These red muscle fibres possess more nuclei
frequently central in position, much granular
sarcoplasm, well-marked longitudinal striation and ¢ o1t Notes
irregular transverse striation. Red muscle fibres have
a high capacity for oxidative metabolism with a
strong activity of Krebs cycle and electron transport 2. Distinguish between red and white fibres
enzymes and slower in their contractile action. 3. Characteristic of sarcoplasmic reticulum in skeletal muscle

1. Describe the structure of skeletal muscle.

1. Origin of muscle
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Muscle Contraction

INTRODUCTION

Activation of tension-generating sites within muscle
fibres activates the contractile forces in a muscle leading
to muscular contraction. The muscle tension can be
produced without any change in muscle length. The
muscle fibres returns back to their low tension-
generating state with termination of muscle contraction
and occurrence of relaxation.

Mechanism of Contraction

1. Theory of folding of myofilaments (contractile
proteins) stated that certain muscle proteins are
shortened or folded during the muscular contraction
by forming actin-myosin complex. But morphological
studies do not show any such evidence that during
muscular contraction the myosin filaments are
shortened. Now if the actin filaments attain any
shortening or folding at all, still it is not possible
during normal life.
¢ Interdigitation or sliding of myofilaments: The

sliding filament hypothesis (Fig. 25.1) states the
alteration of relative position of the myofilaments
during the muscular contraction but neither the
actin nor the myosin filaments are shortened
themselves. The cross-bridge interaction between
actin and myosin leads to muscle contraction by
means of the sliding filament mechanism.

Sliding action

Fig. 25.1: Sliding action of actin and myosin
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* During contraction, the actin filaments slide past
the myosin filaments and thereby the actin
filaments are further extended into the A-band
causing shortening of the length of the H-zone and
narrowing the sarcomere (Fig. 25.2).

In this process the myosin filament gradually
approaches the Z-line; and the actin filament the
M-line; thereby altering the site of attachment of
the cross-bridges at one point ahead in the manner
of an animated cog-wheel (Fig. 25.2B and C).

At certain stages of contraction, the ends of the
two adjacent actin filaments may touch each other
and the I-band is of minimum length.

There are two theories regarding the position of two
opposite actin filaments of the same sarcomere, during
maximum contraction (Fig. 25.2D and E).

e At the free end of the actin filaments in the M-
band there is a slide over each other (Fig. 25.2D)

e The zigzag Z-line is straightened causing an
increment in distance between the adjacent actin
filaments.

Due to this there will be a stretching of the actin
filaments towards the Z-line causes shortening of the
sarcomere (Fig. 25.2E).

Thus, contraction is accomplished by thin filaments
from opposite sides of each sarcomere sliding closer
together between thick filaments. Energy required for
this sliding process is maintained from the breakdown
of the ATP by the myosin ATPase present at the local
heavy meromyosin molecule.

Molecular Mechanism of Muscle Contraction

The skeletal muscle contraction involves the following

steps of action (Fig 25.3A to D and Flowchart 25.1):

1. The action potential which reaches the axon of the
motor neuron activates voltage-gated calcium ion
channels on the axon, and calcium enters in.

2. The calcium causes acetylcholine vesicles in the axon
to fuse with the membrane, and releases acetylcholine
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Fig. 25.2: Diagrammatic (hypothetical) representation of the sliding flament mechanism of muscular contraction
showing also the cross-bridges in-between actin and myosin filaments. (A) Shows the sarcomere in resting condition;
(B) Represents the sarcomere in partially contracted state; (C to E) Depict the sarcomere in maximally contracted

states

Flowchart 25.1: Mechanism of muscle contraction and relaxation

Muscle contraction

Membrane depolarization

|

Ca'' released from sarcoplasmic reticulum

Myosin ATPase is activated

Cross-bridge formed
Myosin slides along actin

Tension is developed

Muscle relaxation

|

Ca" pumped back into
sarcoplasmic reticulum

|

Myosin ATPase is depressed

|

Cross-bridges broken

|

Myosin is pulled back to its resting site

|

Tension disappears
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into the cleft between the axon and the motor end
plate of the muscle fibre.

3. The acetylcholine then diffuses across the cleft and
binds to nicotinic receptors on the motor end plate,
in the membrane and sodium enters in, and
potassium rushes out. However, because sodium is
more permeable, the muscle fibre membrane
becomes more positively charged, and triggers an
action potential.

4. The function of the T-system, as already mentioned,
is to propagate the impulse from the sarcolemma to
the myofilaments within a short time. Following
stimulation the impulse is transmitted to the
myofibrils by the T-system and the depolarization
causes the release of calcium from the sarcoplasmic
reticulum which in turn activates the myosin ATPase.
This activated ATPase breaks the ATP to ADP and
the ADP to AMP with the release of certain amount
of energy which is required for the process of
contraction.

5. The released calcium binds to the troponin present
on the thin filaments of the myofibrils. The troponin
then allosterically modulates the tropomyosin. At
rest the tropomyosin physically obstructs binding
sites for cross-bridge; and as calcium binds to the
troponin, the troponin forces the tropomyosin to
move, unblocking the binding sites.

6. Myosin heads form a cross-bridge with actin binding
sites.

7. ATP binds to the myosin heads and breaks the cross-
bridge.

8. The hydrolysis of ATP causes the myosin heads to
change shape and swivel—this moves it to the next
actin binding site.

9. The movement of the myosin heads causes the actin
filaments to slide over the myosin filaments,
shortening the length of the sarcomere and by the
repeated hydrolysis of ATP, the skeletal muscle
contracts.

Mechanism of relaxation: A relaxing factor has been
isolated from muscle homogenates. From electron
microscopic studies of the muscle homogenates, it
has been claimed that membrane-limited vesicles are
present which are derived from the fragmentation
of sarcoplasmic reticulum. These vesicles have the
capacity of binding Ca** in presence of ATP. The
calcium ATPase pumps calcium from sarcoplasm into
sarcoplasmic reticulum, the activity of calcium
ATPase decreases as no more action potential arrives
at the neuromuscular junction. As adequate calcium
ions are not available to bind with troponin the
interaction between myosin head and active site on
actin filament is stopped and muscle undergoes
relaxation (Flowchart 25.1).

Human Physiology

Active site
Myosin head

Fig. 25.3A to D: Mechanism of muscular contraction.
(A) Calcium binds to troponin exposing the active site for
myosin head; (B) Cross-bridge formation between myosin
head and actin; (C) Power stroke mechanism with libera-
tion of energy due to ATP breakdown; (D) Detachment of
cross-bridge as a new ATP molecule aftaches to the myosin
head

Changes during Muscular Contraction

Mechanical Changes

During contraction, the muscle fibre shortens in length,
increases in thickness, but the total volume remains
same (or slightly increases). The muscular contraction
may be isometric when the length of the muscle fibres
remains constant but the tension increases, or isotonic
when the muscle becomes shorter and thicker.



Muscle Contraction 171

Chemical Changes

Following chemical changes take place during
contraction in the anaerobic and aerobic phases.

Glycolysis and Oxidative Breakdown (Fig. 25.4)

This process involves many separate enzymes and
different intermediates. The end products are pyruvic
or lactic acid.

1. The first step in theliberation of energy for contraction
is the breakdown of glycogen in the muscle fibre.
The glycogen reacts with inorganic phosphate and
splits up into glucose-1-phosphate (Cori ester) with
the help of phosphorylase. Muscle phosphorylase
contains pyridoxal phosphate as a cofactor. The
process of uptake of the phosphate and its cleavage
into glucose phosphate is called phosphorolysis.

2. Glucose-1-phosphate is converted into glucose-6-
phosphate.

3. Glucose-6-phosphate is changed into fructose-6-
phosphate, then into fructose-1,6-diphosphate and
into two triose phosphates. The triose phosphate is
finally converted into pyruvic acid.

4. Pyruvic acid is reduced to lactic acid by reduced
nicotinamide adenine dinucleotide (NAD.2H)
[previously called reduced coenzyme-1 or DPNH,]
and lactic dehydrogenase in the absence of oxygen.

5. Out of the total quantity of the lactic acid formed
under anaerobic conditions one-fifth of it is oxidized
to CO, and H,0O and four-fifths are re-synthesised
into glycogen in the liver.

In the presence of oxygen the pyruvic acid is oxidized
through a series of steps known as the Krebs
tricarboxylic acid (TCA) cycle.
¢ In this cycle one molecule of pyruvic acid loses
one molecule of CO, and is converted into active
acetate (acetyl coenzyme A). The active acetate is
metabolized through a series of reactions known
as citric acid cycle.
¢ Each molecule of pyruvic acid at each turn of the
cycle liberates three molecules of CO, and two
molecules of water. There is net production of 39
ATP per one hexose unit of glycogen metabolized.
But as there is peroxidation of one molecule of
glucose into CO, and water, net38 ATP are produced.

¢ In anaerobic condition only 2 ATP are produced
per molecule of glucose metabolized and 3 ATP
are produced per hexose unit of glycogen
metabolized under such condition.

Energy for muscular contraction is thus provided as
ATP from (a) anaerobic glycolysis leading to
breakdown of glycogen and glucose to pyruvic and
lactic acids, (b) oxidation of lactic acid to pyruvic acid
and further oxidation of pyruvic acid in TCA cycle via
acetyl CoA into H,0 and CO,, (c) fatty acid oxidation
through B-oxidation and through TCA cycle also

provides some amount of ATP as muscle energy,
(d) during muscular activity creatine phosphate also
maintains the ATP level of the muscle.

Role of Creatine Phosphate or Phosphagen and
Adenosine Triphosphate (ATP)

Creatine phosphate (CrPO,) plays an essential role in
the muscular contraction. The role of carbohydrate
metabolism is to provide energy for the re-synthesis of
creatine phosphate. The breakdown process of creatine
phosphate involves the re-synthesis of ATP. Creatine
phosphate reacts with ADP and as a result of which
creatine phosphate loses its phosphate radical and ATP
is formed.

Key Points

e ATPis again broken down by adenosine triphospha-
tase (ATPase) to form ADP and inorganic phosphate.
The breakdown of ATP precedes that of creatine
phosphate.

e ATP is composed of adenine, d-ribose and 3-
molecules of orthophosphate. The energy-rich*
phosphate bonds are contained in creatine phosphate
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Fig. 25.4: Diagrammatic representation of glycolysis and
oxidative breakdown
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and ATP. The terminal phosphate group which split
from ATP; or the phosphate bond energy may be
transferred to other compound, e.g. in the conversion
of fructose-6-phosphate into fructose-1,6-diphos-
phate and ADP is formed.

* The resynthesis of creatine phosphate takes place
with the help of phosphate released from ATP in a
reversible reaction. As a result of transference of
phosphate, ATP changes into ADP.

* Creatine phosphate also serves as a reserve source
of phosphate bond energy for rapid re-synthesis of
ATP in case of muscle poisoned with the iodo-acetic
acid. In the iodo-acetate poisoned muscle the
carbohydrate breakdown is inhibited but resynthesis
of ATP can take place for a considerable period with
the help of creatine phosphate.

The sequence of events may be summarized in the
following order

1. ATP breaks down into ADP and there is release
of phosphate and energy. Actin and myosin are
the contractile substances. ATP helps in the
shortening of actomyosin threads.

2. Creatine phosphate breaks down and the
phosphate with its energy is transferred to ADP
and forms ATP. The creatine phosphate store is
thus a constant supplier of ATP.

3. Glycogen of the muscle breaks down in a series
of stages and releases energy-rich phosphate
bond in the intermediate stages which in turn
help in the re-synthesis of ATP and also of
resynthesis of creatine phosphate.

Under anaerobic conditions, glycogen breakdown
occurs as far as pyruvic acid, which again takes up
hydrogen from NAD. 2H and changes into lactic acid.
Dehydrogenase catalyzes this reversible reaction.
Muscle glycogen is formed from this lactate by a process
known as Cori cycle. Under aerobic conditions lactic
acid is also produced. It diffuses out into the circulation
and other body fluids. It is re-oxidized into the pyruvic
acid mainly in the liver and enters the citric acid cycle
or may be transformed into glycogen.

Muscular Contraction and its Relationship with
the Breakdown of ATP

The mechanism of muscular contraction begins into the
breakdown of ATP. The contraction takes place due to
release of phosphate bond energy from ATP. When the
muscle is stimulated the impulse travelling over the
fibre is associated with an increase in sodium and
calcium permeability of the membrane. As a result,
inflow of sodium ions to the inside of the muscle fibre
is accompanied by a slight inflow of calcium ions at
the same time. The calcium ions then stimulate
adenosine triphosphatase (ATPase), which helps in the
release of energy from ATP surrounding the muscle

Human Physiology

filaments. The energy produces momentarily an
electrostatic charge between the actin and myosin
filaments which in turn pulls the actin filaments into
the spaces between the myosin filaments. ATPase
remains in an activated state so long calcium ions are
present inside the muscle fibre.

Surrounding the filaments and sarcoplasmic
reticulum there is another substance known as relaxing
substance which binds calcium ions within a fraction
of a second after they enter the interior of the fibre so
that the calcium is changed into unionized form. As a
result of inactivation of calcium ions in the interior of
the muscle fibre no more energy is released from
adenosine triphosphate. The electrostatic charges
between the actin and myosin filaments disappear, thus
allowing the muscle to relax.

There are two types of phosphate bonds—high-energy
bond (indicated by the sign ~) and low-energy bond.

1. Ahigh-energy bond when split up releases about
10,000-12,000 cal/gm/mol, whereas a low-
energy bond liberates only 2,000 cal/gm/mol.

2. ATP contains two high-energy and one low-
energy phosphate bonds (ATP = A-P~P~P) and
phosphagen contains one high-energy phosphate
bond (Cr~P). It is believed that energy released
from the high-energy bonds is not wasted as
heat, etc. but is utilized for work and other
cellular processes.

Utilization of other Fuels during Muscular
Contraction

It is possible that skeletal muscle also utilizes ketone
bodies and free fatty acids for the re-synthesis of ATP.
This is particularly applicable in the case of flight
muscles of migratory birds, where glycogen store is not
sufficient to supply energy for a long period of
muscular contraction.

Cardiac muscle is similar to the above flight muscle,
biochemically, and consumes ketone bodies and free
fatty acids in harmony with them for continued activity.

Changes in H-ion Concentration

The normal reaction of muscle is slightly on the alkaline
side (pH 7.3). During muscular activity both acid and
alkaline products are formed. These compounds try to
neutralize each other and thereby prevent any serious
change of reaction. Besides this, the muscles possess
an efficient buffer system in the form of muscle proteins,
their Na and K salts, the inorganic phosphate, the
bicarbonates, etc. all of which help to prevent marked
change of muscle pH. But in spite of this, in the initial
stages the reactions become more alkaline due to the
liberation of free creatine (which is strongly alkaline).
In prolonged activity, especially under inadequate
oxygen supply, the reaction becomes distinctly acid (pH
about 6.0) due to accumulation of lactic acid.
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Other Chemical Changes

In the resting muscle the RQ varies from 0.85 to 0.90,
showing that the resting metabolism involves the
oxidation of certain non-carbohydrate foodstuff. Hill,
by determining the osmotic pressure of the muscle
under various conditions, has proved that, unknown
reactions of considerable magnitude other than
carbohydrate oxidation, take place. It has also been
shown that glycerol, ketone, etc. may join the path of
glycogen metabolism and undergo a process of
oxidation. Moreover, little is known about the changes
seen in the nitrogenous constituents of muscles, such
as carnosine, inositol, free creatine, etc. All these
indicate that muscles utilize not only carbohydrates but
other substances as well (Fig. 25.5).

Oxygen Utilization and CO, Production

The broad facts about this are as follows: (a) The resting
muscle uses O, and liberates CO,, the RQ being 0.85-
0.90. (b) O, is not required for contraction and lactic
acid formation. The muscle maintains its irritability and
contractility for a good length of time even under
complete anaerobic conditions. (c) Oxygen is essential
during recovery process when lactic acid burns and
glycogen is re-synthesized. The RQ of this period is

unity.
Cori Cycle

In the living body under normal conditions, the oxygen
supply to the muscles is so efficient that slight or
moderate exercise does not produce lactic acid
accumulation. Because due to ready oxygen supply,
lactic acid quickly disappears. But in heavy exercise,
the oxygen supply becomes inadequate; excess of lactic
acid accumulates in the muscle fibres and diffuses out
into the blood stream. A considerable amount of this
blood lactate is utilized by the heart and small amounts
by other tissues. A little portion of it may re-enter the
muscle to form glycogen. But the major part of the blood

Aerobic _
fatty acids, glucose or
one-fifth of lactic acid

(TCA cycle)
CO, + H,O + ~[P

Actomyosin-ADP
complex

(conTroc’rionK
and work)

lactate is taken up by the liver and is converted into
glycogen. Liver can prepare glycogen from lactic acid
more quickly than it is done by the muscle. This liver
glycogen is converted into glucose, which enters blood
stream, and then into the depleted muscles and is
converted into glycogen. The muscle can form glycogen
more readily from glucose than it is done by the liver.
In this way the muscle gains back its depleted glycogen
store. Liver and muscle help each other to organize a
bigger cycle through which lactic acid moves. This cycle
is as follows:

Muscle glycogen — Muscle latic acid — Blood lactate —

Liver glycogen —— Blood glucose — Muscle glycogen.
This cycle is called Cori cycle (Fig. 25.6).

Thermal Changes

During muscular contraction (Fig. 25.5), heat is
produced in the muscle, which has been measured with
the help of an instrument called thermopile. Heat is
produced in two stages; (a) initial heat, which occurs
at the onset of contraction, (b) recovery heat or delayed
heat, which occurs, following the contraction. The initial
heat is the rapid outburst of heat, whereas the recovery
heat is slow and prolonged production of heat. The
recovery heat is equal to the total energy set free during
muscular contraction. In the recovery process the
chemical changes, which are responsible for the initial
liberation of energy, are reversed. AV Hill had shown
that the heat produced in a single twitch of a frog’s
muscle may be divided into three stages:

a. The heat of activation: The heat of activation occurs
immediately after stimulation and diminishes while
the contraction proceeds. The heat production occurs
about ten milliseconds after stimulation.

b. The heat of shortening: This is the second stage of
heat liberation and depends upon the amount of
shortening—ax, where x denotes the amount of short-
ening and a is the constant (multiplication of constant
and variable).

Anaerobic Creatine ~
<, e > C 4,_:
Lactic acid Creatine

Pool T \

Actin + myosin

AP (relaxation)
i

a—

Fig. 25.5: Chemical reactions during muscular confraction
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Fig. 25.6: Cyclical relationship of lactic acid and glycogen

c. Recovery heat: There is slow production of heat
during recovery process in the presence of oxygen.
The heat of shortening begins later. There is no heat
of relaxation.

Archibald Vivian Hill shared the 1922
Nobel Prize in Physiology or Medicine
for his elucidation of the production
of heat and mechanical work in
muscles.

Archibald Vivian Hill
1886-1977

Electrical Changes

Instruments used for the purpose are capillary
electrometer, Einthoven’s string galvanometer or
cathode ray oscillograph. The electrical changes are of
the same nature as seen in the nerve. The cut surface or
the stimulated spot is negative to the rest of the muscle
fibre. When the injured and the uninjured areas are
connected, current of injury will be found. By repeating
the same experiments as in nerves current of action with
diphasic variation and current of injury with
monophasic variation can be found. Mechanical
contraction starts when the electrical change attains its
maximum, which takes place very early during the
latent period. The action potential as well as the wave
of mechanical contraction is propagated at the same
rate (3—4 meters per second). Under no condition the
electrical wave (excitation process) can be propagated

Human Physiology

without the accompanying wave of contraction. Hence,
the electrical wave can be regarded as the index of the
contraction wave. Cold slows and warmth hastens both
these waves.

Chronaxie and Rheobase

The excitability of different tissues varies widely. Some

tissues are highly excitable whereas others are dull.

While considering the excitability of a tissue, two factors

are to be considered; (a) the strength of the current used,

(b) the duration of the current flowing through the

tissue. These two factors bear an inverse relation. The

stronger the current the lesser will be the duration
required. But there is a limit. Two standards have been
established to measure the excitability of various tissues.

(Instruments used: Lapicque’s liquid potentiometer or

Keith Lucas’s spring rheotome.) The strength standard

(intensity threshold) is called rheobase. The duration

standard (time characteristic) is called by Lapicque as

chronaxie.

* Rheobase is defined as the minimal galvanic current
which when allowed to flow indefinitely will excite
a tissue.

* Chronaxie is defined as the shortest duration of
stimulus required to excite a tissueby a current strength
equal to twice of rheobase voltage. Chronaxie of a
tissue is a definite measure of its excitability. A less
excitable tissue has a longer chronaxie, whereas a
more excitable tissue has a shorter one.

The speed of activity of tissue and its chronaxie bear
a directrelation. A tissue, having shorter chronaxie, has
shorter period of action, shorter refractory period and
a quicker rate of propagation. Sluggish tissues, such as
some form of plain muscle, have longer chronaxies.
Owing to this, they fail to be excited by Faradic
stimulation (induction shock), because the duration of
the current here is very short. Chronaxies of the various
tissues are as follows:

1. The tissues of the newborn child possess
chronaxies which are ten times longer than those
of adults. This explains the slower movements
of infants.

2. Tissue of cold-blooded animals generally
possesses longer chronaxies (i.e. they are more
sluggish) than those of warm-blooded types.

3. Muscles: The chronaxies of the skeletal muscles
are shorter than those of plain and cardiac. Flexor
muscles have shorter chronaxies than extensors.
The pale muscle fibres (more active) have shorter
chronaxies than the red muscles (sluggish).
Fatigue lengthens and adrenaline shortens the
chronaxie of skeletal muscles. Similarly, cold
lengthens and warm shortens it. A degenerating
muscle has longer chronaxie; that is why it fails
to be excited by Faradic stimulation in the early
stage of reaction of degeneration.
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Chronaxie of the plain muscle is longer than that
of the skeletal muscle. Vagal stimulation shortens
and sympathetic stimulation lengthens the
chronaxie of the plain muscles of the stomach.
Stretching diminishes their chronaxies and
increases excitability.
Cardiac muscle: The chronaxies of ventricular and
atrial muscles are same but that of the junctional
tissues is three times longer. Stimulation of
vagus, stretching, cold, and inhibitory durgs like
acetylcholine shortens the chronaxie. Warmth,
sympathetic stimulation and accelerator drugs
like atropine, adrenaline, etc. lengthen chronaxie.
4. Nerves: The chronaxie of the autonomic nerves
is more than that of the somatic nerves. Nerve
fibres of larger diameter (which conduct more
rapidly), have shorter chronaxies than thinner
ones (having less conductivity). The chronaxies
of the corresponding sensory and motor nerves
are about the same. In a degenerating nerve the
chronaxie becomes longer. (The chronaxies of
certain frog’s tissues are as follows: Skeletal
muscles: 0.3-0.9 millisecond, ventricles: 3.5 milli
seconds, stomach: 30-100 milliseconds, pigments
cells of the skin: 11,000-15,000 milliseconds.)

Applied Physiology

Electromyography: Electromyography is a study of the
action potential in human skeletal muscle. It is the
technique for recording the activation signal of muscles.
EMG is performed by an electromyograph which
records an electromyogram. A part of the electrical
currents generated; is transmitted to the outer surface
of the body. The changes in action potential can be
studied by either putting electrodes at the surface of
active muscle area or inserting them directly into the
muscle concerned. The potential can be recorded by
cathode ray oscillograph. The measured EMG potentials
range between <50 pV and 20-30 mV, depending on
the muscle under observation. The typical repetition
rate of muscle unit firing is about 7-20 Hz. Damage to
motor units can be expected at ranges between 450 and
780 mV. The study has a great clinical value in the
diagnosis of different types of neuromuscular functional
impairment in which either the rate or rhythm of nerve
impulse is influenced.

Muscular Disorders

The few common muscular disorders are

The muscular dystrophies are hereditary disorders

characterized by signs and symptom of progressive

muscular atrophy and weakness.

1. Duchenne muscular dystrophy (DMD): This disease
is due to the absence of a gene located on the short
arm of the X chromosome at the Xp21 site. This
results in the absence of the gene product dystropin
in skeletal muscle. Dystropin is a membrane-
associated structural protein that maintains muscle
fibre integrity during contraction. There is disruption
of the membrane covering the muscle fibre; leading
to excess amounts of entry of calcium ions into the
cell and also cause cell degeneration.

2. Becker muscular dystrophy: The disease is identical
to the Duchenne type as it is due to mutation in the
dystrophin gene; the same gene on the X chromosome
that causes Duchenne muscular dystrophy but this
dystrophy appears later in life and progresses more
slowly.

3. Vitamin D deficiency: The muscular wasting and
weakness is associated with lack of vitamin D. In this
disease marked atrophy of type 2 fibres may occur.
The influence of vitamin D over muscles is not fully
understood, but it has been observed that at least
one of its metabolites, 25-hydroxycholecalciferol,
influence the protein turnover and the resting energy
state of the muscle.

4. Viral myositis: Pleurodynia which is also known as
Bornholm disease or epidemic myalgia is caused by
the coxsackievirus. The patient recovers completely
after a brief period of intense muscular pain and
fever.

EXAM-ORIENTED QUESTIONS
Essay

1. Discuss the molecular mechanism of muscular contrac-
tion.

2. Describe the mechanical, thermal and chemical changes
during muscular contraction.

Short Notes

1. Electromyography
2. Muscular dystrophy




INTRODUCTION

Skeletal muscle shows the following properties:
(1) excitability and contractility, (2) refractory period,
(3) tonicity, (4) conductivity, (5) extensibility and elasticity.

1. Excitability and Contractility

With an adequate stimulus, muscles are excitable. The
stimulus may be mechanical, thermal, chemical or
electrical. For facilities of accurate adjustment, electrical
stimulus is used in laboratory experiments. When
excited, the muscle contracts. This is immediately
followed by relaxation. A single induction shock will
produce a single contraction (twitch). The record of this
on a moving drum (Fig. 26.1) will produce a curve,
called the simple muscle curve (Fig. 26.2). But if the
stimulus be strong, it may cause stronger contraction.

Properties of Skeletal Muscle

Simple Muscle Curve

The simple muscle curve (Fig. 26.2), as obtained with a
frog’s gastrocnemius, and has a total duration of about
0.1 second. It consists of three parts:

1. Latent period (0.01 second): It is the interval between
the application of stimulus and the beginning of
contraction. Latent period is due to time taken: For
propagation of impulse from the point of
stimulation to the neuromuscular junction and
hence to the sarcolemma and for initiation of
contraction.

Period of contraction (0.04 second): It is a period from
beginning of the contraction up to the maximum
contraction.

. Period of relaxation (0.05 second), from the summit up

to the original level.

2.

Fig. 26.1: Diagram shows the experimental set-up for the demonstration of simple muscle curve. (1) Motor, (2) Drum
showing the curve, (3) Writing lever, (4) Myograph board. (6) Muscle and nerve with stimulating electrode, (6) Myograph

stand, (7) Induction coil, (8) Battery, (9) Mercury key
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Fig. 26.2: Simple muscle curve: P—Point of stimulation, P—
beginning of contraction, P, P,—latent period, a—
contraction phase, b—relaxation phase

Factors Affecting Excitability and Contractility

The following factors affect excitability and contractility
and therefore alter in various ways, the nature of the
simple muscle curve.

Strength and duration of stimuli

For stimulation to occur, two factors are necessary—a
minimum strength and an adequate duration of the
stimulus. Chronaxie, which includes both these factors
are the measure of excitability of a tissue.

Effects of two successive stimuli (Fig. 26.3): If the second
stimulus is applied after sufficient intervals both first
and second stimuli will cause contraction and two
simple muscle curves will be recorded (Fig. 26.3, stage a).
The second curve will be slightly higher than the first
one due to the beneficial effect of contraction. If the
second stimulus is applied in the relaxation period of
the first, more or less two separate curves will be
produced and the second curve willbe higher (Fig. 26.3,
stage b). If the second stimulus is applied within the
contraction period of the first one the second curve will
be superimposed on the first one with a higher height
of contraction (Fig. 26.3, stage c). These are known as
summation of effects (contraction). If the second
stimulus is applied within the latent period but after
refractory period of the first, then their effects are added
together giving a simple muscle curve of larger height
than either of them produced separately (Fig. 26.3,
stage d). This effect is known as summation of stimuli.
By using maximal or submaximal stimuli, these
summated effects can be obtained. This is true for either
of the single muscle fibre; or a whole muscle bulk. In
case of submaximal stimuli, the summated, effects are
due to activation of more nerves and muscle fibres, but
in case of maximal stimuli, the greater response cannot
be due to an increase in numbers of responding nerves
and muscle fibres, but due to the difference in
contractile mechanisms. It is claimed that these effects
are due to beginning of second twitch before the active
state for the first twitch is complete.

That is the duration of the active state of the first
response makes possible the augmentation of the
second response. Thus, this effect goes against the law
of all-or-none.

Stage a 2
P
Stage b T]A/\

Stagec P P,

Stage d F|’1 Py
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Fig. 26.3: Effect of two successive stimuli. Stage a: The
second stimulus is applied after sufficient interval; Stage
b: The second stimulus is applied in the relaxation period
of the first; Stage c: The second stimulus is applied before
the contraction of the first one is over; Stage d: The second
stimulus is applied within the latent period of first one

Effects of repetition of stimuli

Following phenomena are observed:

Staircase phenomena: When a freshly excised muscle is
stimulated with a single induction shock of sufficient
strength then a contraction of certain amplitude is
recorded. If second stimulus of same strength is applied
at an interval of about 1 second to the muscle after
completion of the effect of first stimulus, then an
increased amplitude of contraction is recorded. With a
series of such stimuli (5 to 6 stimuli) but under the
condition that each contraction is allowed to be
completed before the next stimulus is applied, then a
gradual increase in amplitude of contraction is
obtained. This stair-like rise is called the staircase
(treppe) phenomenon. Increased H*; Ca®* ion concen-
tration and an increase of temperature within the
muscle create a favourable condition for more work
(beneficial effect). Hence, the contraction becomes
stronger.

Clonus: When repeated stimuli are applied, the type of
response will vary according to frequency. When the
frequency is such that each successive stimulus falls
within the period of relaxation of the previous curve
the record will show a series of wavy oscillations. This
is called clonus or incomplete tetanus (Fig. 26.4b to e).

Tetanus: When the frequency is more, so that the stimuli
fall within the latent period of the previous curve, the
record traces a clear steady line, which rises at first
abruptly and then gradually, till maximum contraction
takes place. This is called tetanus (Fig. 26.4f). Here the
fusion is complete and the muscle, instead of vibrating,
exerts a steady pull. Due to summation, the height of
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Fig. 26.4: Genesis of tetanus

tetanic contraction is usually higher than that of a single
twitch. Frequency of stimulation, required for the
induction of tetanus, varies with the nature of the
muscle. In external eye muscle it is about 350/sec, in
gastrocnemius muscle it is about 100/sec.

Clonus may be described as summation of successive
contraction, whereas tetanus is summation of
successive stimuli. The mechanical movement in
response to voluntary stimuli is neither a twitch nor a
tetanus (Lippold, 1957). During voluntary movement,
the skeletal muscles are stimulated at low frequency,
which is less than fusion frequency, and also
asynchronously, so that the infrequent contraction of a
large number of fibres gives the appearance of a smooth
response.

Fatigue: When repeatedly stimulated, the muscle has
lost its irritability, becomes gradually less excitable and
ultimately ceases to respond. This phenomenon is called
fatigue (Figs 26.5, 26.6 and 26.8). Muscular fatigue can
be defined as the inability of the muscle to do further
work. In the fatigue curve, all the periods are lengthened.
The relaxation period is so much prolonged that the
curve fails to reach the baseline before the next stimulus
arrives, thus leaving a contraction remainder (Fig. 26.5).
The causes of fatigue might be due to (a) exhaustion of
sources of energy of the muscle, (b) accumulation of
the end products of chemical reactions, such as lactic
acid, carbon dioxide, ketone bodies and (c) decrease of
local synthesis of acetylcholine-like substances during
prolonged exercise (Torda and Wolff, 1945). Oxygen is
required for the removal of these substances and so for
recovery. Fatigued muscle left in nitrogen does not
recover. In studying fatigue in muscle with circulation
and without circulation, the muscle gets fatigue more
earlier in case of the latter and does not recover on rest
(Fig. 26.6A). But in case of muscle with circulation,
fatigue comes later and the muscle recovers on rest
(Fig. 26.6B). This shows that oxygen, which is supplied
through blood circulation, is required for recovery of
fatigue. The seat of fatigue lies in the muscle when it is
directly stimulated. But when it is stimulated through
the motor nerve, the seat of fatigue is in the neuro-
muscular junction. In physiological exercise, the seat
of fatigue is neither in the muscle nor in the neuro-
muscular junction but at the synapses in the central

Human Physiology

Fig. 26.5: Fatigue curve of a muscle.The diagramindicates
successive stage of the curve (beginning from 1).2 and 3
are higher than 1 due to beneficial effect of contraction.
10 shows the maximum development of the contracture
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Fig. 26.6A and B: Muscle fatigue in slow moving drum
(diagrammattic). Diagram shows the effect of circulation on
muscular fatigue. (A) Without circulation; (B) With circulation;
‘a’ shows the effect of rest on recovery from fatigue, B—a
shows recovery from fatigue, whereas A—a does not

nervous system (central fatigue). On comparison, it is
seen that fatigue after voluntary work first appears in
the synapses, then in the neuromuscular junctions and
lastly in the muscle itself. In human subjects fatigue
can be studied with the help of an instrument called
ergograph (Fig. 26.7).

Fatigue can be experimented by noxious stimulation
at the foot of a spinal frog. If a reflex withdrawal of
foot is obtained and by continuous stimulation the
reflex contraction of the muscle is lost, the foot does
not withdraw. At this stage if the flexor nerve is
stimulated, then contraction of the muscle again occurs.
This cessation of contraction is due to changes in the
spinal cord. This can also be demonstrated in man by
protective mechanism. When the arm or leg muscles of
a subject are used to contract repeatedly with a weight
attached to the part and he is unable to lift weight
voluntarily, then electrical stimulation of the motor
nerve through the skin produces a powerful contraction.

All-or-none law

It means that if a single muscle fibre contracts at all, it
will contract to its maximum, provided the conditions
remain constant. If internal and external conditions are
changed, the amount of contraction will vary. This law
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Fig.26.8: Fatigue curve of the middle finger in the ergograph

holds good for a single muscle fibre and does not apply
for the whole muscle, which is composed of
innumerable muscle fibres. Because, in the latter case,
as the strength of the stimulus is increased, more and
more muscle fibres will be affected and the degree of
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contraction will be raised (staircase phenomena) and a
stage will be achieved when there will be no further
rise (all-or-none law for whole muscle). But modern
theory claims that the all-or-none law is applicable in
case of development of the action potential but not for
the activation of the contractile materials.

Effects of temperature

Moderate warmth (25°C.) increases and cold (5°C.)
depresses both excitability and contractility. The former
shortens and the latter lengthens all the periods of the
muscle curve (Fig. 26.9). Temperature above 42°C
produces heat rigor due to coagulation of proteins
present in the muscle.

Effects of load

Load lengthens the latent period but reduces the
periods of contraction and relaxation. It also reduces
the degree of contraction, i.e. the height of the curve
(Fig. 26.10). The effect of load on the work done by the
muscle depends on the way in which the load is applied.
If the weight is allowed to stretch the muscle prior to

T=0.01 sec/div

Fig. 26.9: Effect of temperature. P1: Point of stimulation,
P2: Onset of contraction, H: Effect of heat, N: Normal curve,
C.: Effect of cold

T=0.01 sec/div

Fig. 26.10: Effect of load. P1. Point of stimulation: P2:
Beginning of contraction. Curve N: Unloaded, W, and W,
curves are due to application of different graded loads

4
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its contraction, the muscle is said to be free-loaded but
if the lever is supported then the muscle is only
stretched when the contraction begins, the muscle is
said to be after-loaded. The mechanical efficiency in
free-loaded muscle is higher than that in after-loaded
muscle. This is mostly related with the increase in initial
length of muscle fibres.

Work done by the muscle: The work done may be
calculated by multiplying the weight with the actual
height of the curve.

Actualheight of contraction # in cm can be determined
by dividing the observed height of contraction H in cm
by the magnification of the lever (Fig. 26.11). The
magnification of the lever can be determined by
dividing thelength L in cm of thelever from the fulcrum
to the tip of the lever, with the length [ in cm from the
fulcrum to the point of the lever from which the weight
is lifted. So the magnification will be (L/I). Thus, the
calculation for actual height willbe h = H + (L/I) or (H
x I)/L. if W is the weight in grams lifted then

Work done = W x Hxl

gm cm

~ W Hxl

x 981 ergs

Work done by the muscle in free-loaded muscle
within the physiological limits increases gradually with
the increase of load but the same in after-loaded muscle
does not follows linearly with the gradual increase of
weight. The working efficiencies in such after-loaded
muscle increase with a certain weight and then
decreases gradually.

The chemical energy liberated during contraction is
partly converted into mechanical energy which
manifests itself as work. The term mechanical efficiency
indicates what fraction of the total energy liberated is
converted into work. In untrained men, the mechanical
efficiency is 20% in athletes, 25-30% in isolated muscles,
under optimum conditions, it may be as high as 40%.

It is seen that, the slower the speed of shortening,
the greater is the amount of work done. But evidently,
there is an optimum limit beyond which slowing the
rate of contraction will reduce the work done.

Fig. 26.11: Experiment set up to calculate the work done
by a single twitch

Human Physiology

Effects of salts and ions

(a) Sodium salts exert an excitatory effect. (b) Calcium
salts have got role in initiation of contraction.
Development of tension of the muscle is prevented if
the Ca** is not present in the medium. It is claimed that
the Ca** stimulates ATPase activity so that the
association of actin and myosin in presence of ATP
takes place promptly. Calcium ions and to a less
extent Mg ions help the enzyme action of myosin.
(c) Potassium salts reduce excitability and hasten
fatigue. On stimulation, potassium ions escape from
the interior of the muscle. It is believed that the
excitability, contractility and electrical phenomenon of
the muscle depend largely upon this migration of the
potassium ions. The resting muscle membrane is
permeable to potassium ion but not to sodium ion.
(d) Magnesium ion is essential for the action of the
enzyme phosphorylase which is very important for the
phosphate transfer during muscular contraction.
(e) Increased H-ion changes exert the same effect as
excess potassium.

2. Refractory Period

After stimulation there is a brief period during which
the muscle is not excitable to a second stimulus. This
period is called refractory period. In the case of smooth
muscles, refractory period is very short and falls within
the latent period. In the skeletal muscles of frog, it is
about 0.005 second, in the mammalian muscles it is
about 0.002 second. Cold lengthens and heat shortens
this period. During the first part of the refractory period,
the muscle remains inexcitable to any strength of
stimulus and is known as absolute refractory period.
But in latter part of the refractory period the muscle
may be excitable only with a stronger stimulus, and is
known as relative refractory period. The absolute
refractory period in skeletal muscle is shorter than in
cardiac muscle and for this reason the skeletal muscle
can be tetanised or fatigued.

The earliest chemical change during muscular
contraction is the breakdown of adenosine triphosphate
(ATP). So long as the broken ATP is not re-synthesised
in adequate amounts, the muscle cannot be excited.

Refractory period is that period during which this
resynthesis of broken ATP takes place.

3. Tonicity

In the body the skeletal muscles always remain in a
state of light tension. This is called tone. Tone of the
skeletal muscle may be defined as the reflex sustained
and partial contraction. In isolated muscle, tone is
absent. If the motor nerve of the muscle is excised, tone
is also lost. These experiments show that muscle tone
is a reflex process, the centres being situated in the
spinal cord. A muscle under tone does not show fatigue.
This is due to the fact that in tone production, the whole
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muscle is not contracting simultaneously. Only a few
muscle fibres are contracting at a time. The muscle fibres
contract in batches. When one batch is contracting, the
other is relaxing. Hence, the whole muscle does not
show any fatigue.

4. Conductivity

After simulation the wave of contraction starts at the
point of stimulus and is propagated both ways along
the muscle. In frog’s muscles the rate of propagation is
3—4 metres per second. In warm-blooded animals 6-12
metres per second.

5. Extensibility and Elasticity

Muscle extends when stretched. When the tension is
released, it goes back to its original length. But this
elastic return is a little slower. A rubber band is found
to extend uniformly by increasing loads of equal
weights upon it and returns quickly to the original
position as soon as the weights are removed. But under
the same conditions, muscle does notimmediately come
back to its original position. It takes a little longer time.
This is called extension remainder.

Contraction of Skeletal Muscle

Characteristics of Isotonic and Isometric
Contraction

Contractions are of two types—isotonic and isometric.
In isotonic contraction physical shortening of the
muscle is allowed when one end of it is attached to a
light weight which is lifted. This type of contraction
has already been described and gives simple muscle
curve. In isometric contraction physical shortening of
the muscle is reduced to minimum by making it
contract against a strong spring. The slight change in
the spring is magnified by suitable instruments and is
recorded. The curve of isometric contraction shows the
following peculiarities: (a) The latent period is longer.
(b) The period of contraction is longer and the tracing
at first shows an upward concavity followed by an
upward convexity up to the summit. (c) Relaxation
period is more gradual and the curve shows a gentle
slope with a slight upward concavity. The rise of tension
is abrupt and commences very early. The amount of

tension is also much higher than in isotonic contraction.
Other things remaining constant the tension developed
in the muscle fibres is directly proportional to the initial
length of the fibre. The evolution of heat is also much
more than in isotonic contraction.

Nature of Voluntary Contraction

Voluntary contraction differs from simple muscle
twitch in two respects. First it lasts much longer and
secondly, the degree of contraction can be finely
adjusted at will. The voluntary contraction is neither a
simple muscle twitch nor a tetanus. The rate of
discharge is slow and less than fusion frequency and
the number of cells discharging may vary in number
and consequently the muscle fibres affected will, vary.
The cells do not all discharge at the same time. But they
work in ‘batches’. While one group is discharging the
other group is resting. For this reason, the muscle fibres
of all the motor units are not in the same state at the
same time. They are at different phases of contraction
and relaxation. Their algebraic sum gives a smooth,
steady pull. The accurate gradation in the strength of
contraction is due to the involvement of varying
number of anterior horn cells.

Contracture: Under certain conditions skeletal muscles
show a peculiar type of persistent contraction. This is
called contracture. It differs from tetanus or any other
forms of physiological contraction in two ways. First,
in contracture only a part of the muscle may be
involved, while the rest of the muscle remains relaxed.
Secondly, the contractile process is not propagated
along the muscle fibre and also no action potentials are
seen with it. Contracture may be found under various
conditions, such as (a) by strong, prolonged or multiple
stimuli, (b) in fatigue, (c) in certain pathological states
of the body.

EXAM-ORIENTED QUESTIONS
Essay

1. Discuss the properties of skeletal muscle.

Short Notes

1. Characteristics of isotonic and isometric contraction
2. Contracture
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Cardiac Muscle

INTRODUCTION

The cardiac muscle (involuntary striated) contracts
rhythmically and automatically, which is particularly
maintaining the life process of the living system by
assisting the supply of nutrients, O, and removal of
metabolic waste products. Morphologically, it can be
distinguished from smooth and skeletal muscles,
though it carries some common characters to each other.

The main differences between cardiac and skeletal
muscles are

1. The spontaneous nature of cardiac contraction and
rhythmicity is not subjected to voluntary control.
The cardiac fibres are not simple cylindrical but they
bifurcate and come in contact with that of the
neighbouring fibres and ultimately form a three-
dimensional network which causes the false
syncytial appearance under light microscope.

. The nucleus is single and placed deep in the

sarcoplasm more or less at the centre.

2.

Distribution: The cardiac muscles are actually forming
the muscular body of the heart (muscle layer of the
heart). These muscles are also present in small amounts
in the great vesselsending in or opening from the heart.

Origin and development: Cardiac muscles in the
embryo are originated from the mesenchymal tissue.
They are formed of the splanchnopleure adjoining the
endothelium of the cardiac primordium. The processes
of the star-shaped cells have got desmosome-like
attachments to each other which are ultimately
developed into the intercalated discs. The cells
(myoblasts) divide mitotically and gradually the fine
bundles of myofibrils begin to appear. Electron
micrographically, the Z-lines are the first appeared
cross-striations. The Purkinje fibres also develop from
same primary star-shaped cell reticulum as that of the
myocardium.

Histology: The cardiac muscle fibres are separated from
each other by the connective tissue endomysium along
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with blood vessels and lymphatics. The cardiac muscle
fibres are not made up of one straight simple cylinder
but they have got short cylindrical branches in all
directions (in any dimension). These branches are
coming in contact with that of the adjacent fibres,
ultimately forming a three-dimensional network. Under
light microscope these networks appear as syncytium
(cytoplasmic continuation in-between neighbouring
cells) which was also supported as the property of the
cardiac muscle that if it contracts, it will contract as a
whole. But electron micrograph reveals that these
branches are not acting as cytoplasmic bridge but they
are separated from each other by special surface
specialization, the intercalated disc. These discs appear
as dark lines under light microscope and pass in
irregular step-like configuration across the fibres at
fairly regular intervals and at the level of the I-band.

The sarcolemma of the cardiac muscle is more or less
similar to skeletal muscle. The mitochondria are more
numerous and the cytoplasm is more abundant. The
mitochondria are arranged longitudinally and are
present in-between the myofibrils in rows. The nucleus
is elongated centrally placed in the diverging
myofibrils. A small Golgi apparatus is present at one
pole with a few lipid droplets. As age increased the
lipofuchsin (lipofuscin) pigments are deposited near the
nucleus and may be much extensive to give the
brownish appearance of the heart—the brown atrophy
of the heart. The sarcoplasm contains more glycogen
than that of the skeletal muscle. The patterns of the A-,
I-, Z-, H-band, etc. are identical with that of the skeletal
muscle.

Fine structure as visualised under electron microscope
which are

1. The myofibrils made up of myofilaments, are more
or less similar to that of the skeletal muscle.

2. The myofilaments are not continuous in the adjacent
fibres of the longitudinal order, i.e. they are limited
to the individual fibres, in other words, similar to
the skeletal muscle. Yet groupings of the myofilaments
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(made up of actin and myosin) are not complete to
form the myofibrils as that of the skeletal muscle.
These myofibrils are delineated by the sarcoplasmic
reticulum and sarcoplasm.

3. Sarcoplasm contains a large amount of mitochondria
(average 2.5 pm in length, but often they appear as
7-8 pm in length) along the long axis. Mitochondria
often remain completely surrounded by myofila-
ments. So the myofilaments of the cardiac muscle
fibres form a continuum which looks like a large
cylindrical mass made up of parallel myofilaments
subdivided by fusiform clefts of the sarcoplasm
occupied by mitochondria.

Sarcotubular System

T-system: This T-system is the tubular imagination of
the sarcolemma of the cardiac muscle and is larger in
diameter than that of the skeletal muscle. The T-tubules
are present at the Z-line in the cardiac muscle fibres,
but the same are at the A-I junction in case of the
mammalian skeletal muscle. The functional significance
of the locational difference is not yet understood. These
tubules also increase the surface for metabolic exchange
in-between the interior of the cardiac muscle fibre and
the intercellular space, over and above they function
for quick propagation of impulse from the cell surface
to the interior.

Sarcoplasmic reticulum: This reticulum of the cardiac
muscle fibre is ill developed. They are consisted of
longitudinal interconnected tubules which are

T (fransverse)

tubule reticulum

Sarcoplasmic

expanded into small terminal sacs at the Z-line. T here
isno well-developed transverse cisternae in the cardiac
muscle (Fig. 27.1). So the transverse section of T-tubules
at different regions may show triad diad (dyad) or only
T-tubule depending upon the presence of sarcotubules
running in association with the T-tubules.

Transmission of Impulse and Mechanism of
Contraction

The mechanism of contraction in the cardiac muscle is
essentially same as that of the skeletal muscle. Impulse
originated in the pacemaker area is transmitted through
different conducting tissues and ultimately reaches the
cardiac muscle fibre, and from which the impulse is
transmitted rapidly from cell to cell through different
junction surfaces of the intercalated discs. From the cell
surface, the impulse is transmitted to the contractile
elements of the myofibrils through the sarcotubular
system.

Intercalated (Intercalary) Discs

These are the areas of extensive cell contact and run
transversely across the fibre. These also appear as dark
line under the light microscope (Fig. 27.2). Electron
micrograph reveals that they are made up of the unit
membranes of two adjacent cells. A complex pattern of
ridges and papillary projection of the unit membrane
on each cell fit into corresponding grooves and pits in
the other cell membrane which forms an elaborately
interdigitated junction, specialized for cell-to-cell
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Fig. 27.1: Sarcotubular system of the mammalian cardiac muscle (diagrammatic representation) showing the contact
of the sarcoplasmic reticulum with tubules at the Z-line. It also shows the absence of terminal cisternae but transverse
sections at certain points of T-tubule may have triads due to presence of sections of T-tubules in the middle and reticular

tubules (sarcotubules) on both sides.
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Fig. 27.2: Cardiac muscle (diagrammatic representation)
showing their relation with adjacent fibres (cells) at the
infercalated discs

cohesion. This interdigitated junction is mostly similar
in structure with the epithelial cell junction. In the
transverse portion of the intercalated disc, there is
desmosome-like cell-to-cell junction with 200A
intercellular cleft (Fig. 27.3). At desmosomes (maculae

Maculae occludentes

Maculae adhaerentes
(demosomes)

Human Physiology

adhaerentes), the inner layer of each of the opposing
unit membranes is added up by a thin layer in which
the myofilaments of the ajacent I-band terminate. At
irregular intervals of the transverse portion of the
intercalated disc there are also small tight junctions
whichareknown as maculae occludentes. At the maculae
occludentes the layer of the opposing membranes are
fused together by obliterating the intercellular gap. The
longitudinal portion of the step-like cell-to-cell junction
contains the more extensive areas of close membrane
contact—fasciae occludentes (intercellular space is
obliterated). These areas of the intercellular space
obliteration are of low electrical resistance which helps
in the rapid propagation of excitation from cell-to-cell
throughout the whole mass of the heart and thus
assisting the myocardium to behave as syncytium. The
desmosomes of the transverse portion are concerned
with the cell-to-cell cohesion and transmission of the
pull of contractile unit of one cell to the other in the
longitudinal direction. The mechanism acting behind
the binding of the cells together is not yet much clear
still it is evident that Ca** has got some important role.
The individual cells of cardiac muscle perfused with
Ca** free-Ringer are seen to have separated at the
intercalated discs. Electron micrography depicts that
the separation takes place at the maculae adhaerentes
(desmosomes) where the individual unit membrane
remains intact but the intercellular space is opened up.
At the close junction (maculae occludentes), the
membrane cannot be separated due to their fusion but
one of the cells may be denuded of its membrane
(Fig. 27.4: b-b, c-c, d-d).

Mitochondrion

Intercalated
(intercalary) disc

Fascia
occludens
(nexus)

Fig. 27.3: Junctional peculiarities at the intercalated (intercalary) disc of the cardiac muscle (diagrammatic
representation). Inset shows structural peculiarities at the transverse portion of the intercalated disc
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Fig. 27.4: Separation of the cells at the intercalated disc (at ‘a’ in upper inset) after perfusion of cardiac muscle
(diagrammattic) with Ca-free Ringer fluid (after Bloom and Fawcett)

Blood Vessels, Lymphatics and Nerves of
Cardiac Muscle

Cardiac muscle fibres receive blood vessels from
coronary arteries and these vessels form a basket-like
capillary network around the muscle fibres. Much
anastomoses between arterioles of cardiac muscles are
seen. But these anastomoses are to a certain extent quite
capable of supplying blood through backflow in the
case of a sudden occlusion of one of vessels. Lymphatic
vessels give a rich supply to the interstitial (between
cells) connective tissue. Myelinated and non-
myelinated nerve fibres supply richly cardiac muscle
fibres. Efferent nerve fibres form a fine network with
varicose swelling and end on the surface of cardiac
muscle fibres.

Properties of cardiac muscle will be discussed with the
cardiovascular system.

EXAM-ORIENTED QUESTIONS

Essay

1. Discuss the structural morphology of cardiac muscle.
Discuss the histological features.

Short Notes

1. Describe the intercalated disc

2. Describe the transmission of impulse and mechanism of
contraction
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Smooth Muscles

INTRODUCTION

The visceral muscle is also known as the plain, non-
striated, smooth involuntary muscle. It is called non-
striated because it has got no cross-striations. The
contraction of this muscle is not controlled by volition
or will.

Distribution: These muscles are present in all hollow
viscera, e.g. gastrointestinal (GI) tract, ducts of the
glands, blood vessels, respiratory, urogenital and
lymphatic systems of the body. These are also present
in the dermis, ciliary body and iris of the eye. The
automatic contraction of the smooth muscle fibres (GI
tract, ureter, uterus, etc.) facilitates the movements of
the contents that are passing through the above-
mentioned viscera. Again in the dermis they are
responsible for the erection of hairs.

Origin and development: The smooth muscles are
mesenchymal in origin. The mesenchymal cells first
start to stretch out. The nucleus becomes elongated, and
myofilaments appear in the cytoplasm. In the case of
blood vessels, the mesenchymal cells arearranged along
the wall of the tube at regular intervals and developed
in the same fashion as already mentioned and
ultimately forming the continuous circular and
longitudinal muscular layers of blood vessels. It is
claimed by some workers that the new smooth muscle
fibres that appear in the uterus during pregnancy are
originated from the undifferentiated connective tissue.
The smooth muscle fibres can increase in size and also
in bulk during physiological requirement (e.g. uterus
in pregnancy) and in pathological stimuli (e.g. arterioles
in hypertension). There is also evidence that smooth
muscle cells themselves can divide by mitosis.

Histology

The smooth muscle fibres are elongated, fusiform
(spindle-shaped) with a wider central portion where
the single nucleus is situated (Fig. 28.1). Both the ends
of the fibres are tapering towards the periphery. The
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average length is about 0.2 mm which varies much
(20 pm at the wall of the blood vessels to 500 pum, in the
pregnant women’s uterus) and the width is about 6 pm
at the central widest portion. The cells of the smooth
muscles are so arranged that the thick-middle portion
of one is juxtaposed by the thin-end portion of the other.
So in the transverse section, there will have rounded or
irregularly polygonal profiles of various sizes (1.0 pm
to several um in diameter), only the largest profiles will
demonstrate the centrally placed nucleus. The nucleus
is elongated, oval. Delicate uniform chromatin network
is present in the nucleoplasm. There are two or more
nucleoli. In ordinary preparation, the sarcoplasm is
quite homogeneous. But in special preparations (e.g.
macerated with acid), fine longitudinal striations may
be demonstrated running full length of the fibre. These
are the myofibrils and are interpreted as the contractile

Muscle fibres

Nucleus
Fig. 28.1: Visceral muscle fibre
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material of the smooth muscle. They are doubly
refracted but have got no isotropic (I-band) and
anisotropic (A-band) regions, i.e. no cross-striation
which is the characteristic feature of the other two
varieties of muscles (skeletal and cardiac muscle).

A small Golgi apparatus is also present near the
nucleus. Sarcoplasm contains a considerable amount
of glycogen. The surface of the smooth muscle has a
thick basal lamina (similar to the basement membrane
of the epithelium). The sarcolemma (the plasma
membrane)is surrounded by an extraneous glycoprotein
coat similar to the basement membrane of epithelial
cells.

Fine structure: In electron micrograph, the nucleus
appears as elongated, smooth-surfaced and rounded
at the ends. The mitochondria are present at the poles
of the nucleus. The sarcoplasm also contains the
sarcoplasmic reticulum, free ribosomes and a small
Golgiapparatus. The remaining sarcoplasm is occupied
by the thin myofilaments along the long axis of the fibre.
Myofilaments are interpressed by the mitochondria
which are also arranged along the long axis. There is a
dense area along the inner aspect of the sarcolemma
which corresponds to the Z-line of the skeletal muscle
where the myofilaments are attached. The final
contractile elements, myosin and actin, are present
chemically. The actin filaments are seen readily but
the myosin filaments are not yet demonstrated as a
whole, though small processes of actin filaments are
assumed as myosin. At high magnification it is seen
that the actin and the myosin filaments are 30A and
80A in thickness respectively and they are not
arranged in any definite order as that of the skeletal
muscle.

Cell-to-cell relation: The adjacent smooth muscle cells
are separated by thick basilar lamina (total distance

Nexuses

Smooth
muscle cell

Fig. 28.2: Cell-to-cell junction in smooth muscle
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400-800A). Typical desmosome is not present. The
specialized dense areas of adjacent cells are present
often opposite to one another but are distributed
entirely in random. Within these specialized dense
areas, the myofilaments terminate. These are the
suggested site for cell-to-cell cohesion. At some areas
the basallaminae are absent where the unit membranes
are coming in close contact to each other, having a
similar fusion pattern as that of the tight junctions of
the cardiac intercalated disc (zonula occludens of the
epithelia)—the fasciae occludentes or nexuses. The
nexus is probably a low resistant area through which
rapid propagation of excitation impulse is possible
from one cell to other in case of the smooth muscle
(Fig. 28.2).

Contractile Mechanism

It is assumed that the mechanism of contraction of the
smooth muscle is same as that of the skeletal muscle
because it is known that the actin and the myosin
filaments of smooth muscles also do not change in
length during contraction. The visceral smooth muscles
(e.g. GI tract, ureter, uterus) are capable of contracting
automatically like the cardiac muscle. The contraction
of these muscles is slower. Sustained forceful
contractions are also possible without loss of relatively
greater expenditure of energy. Stretching of the muscle,
as in case of GI tract due to bolus of food passing
through it, is presumably one of the causes of initiating
an impulse and thereby producing contraction. These
particular groups of muscles have got some functional
similarities with that of cardiac muscles particularly in
their automatic rhythmicity. The vascular smooth
muscles have got some similarities with the skeletal
muscles, because the activities of both groups of
muscles are modified by the stimulation of the motor
nerve.

Plasma
membrane of
upper cell

Extracellular

Cytoplasm space

Plasma Portion of infimate cell
membrane of contact with apparent
lower cell fusion of cell membrane
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Molecular Mechanism of Contraction and Relaxation
in Smooth Muscle

Contraction: The contractile activity in smooth muscle
is initiated by a Ca?*-calmodulin which activates
myosin light-chain kinase which causes phosphory-
lation of the light-chain of myosin. The process of
phosphorylation activates myosin ATPase activity. The
myosin-actin interaction and the myosin ATPase
activity brings over the cross-bridge cycle and
contraction by sliding of the filament. The attachment

A Ca?* sensitization of the contractile proteins is signaled by
the RhoA/Rho kinase pathway to inhibit the dephosphorylation
of the light-chain by myosin phosphatase, maintaining
contractile force and is responsible for the latch bridge
mechanism of contraction of smooth muscle. The removal of
Ca?* from the cytosol and stimulation of myosin phosphatase
initiate smooth muscle relaxation.

Human Physiology

of ATP molecule to myosin head energizes it so that it
attaches to the active site on actin filament producing a
power strokeand shortening of muscle releasing energy
due to ATP breakdown. When another molecule
attaches to the myosin it leads to detachment of cross-
bridge from actin. The cross-bridge cycle detaches when
there is fall in concentration of calcium level below
critical level.

Relaxation of smooth muscle: Smooth muscle
contract as long as there is calcium bound to the
calmodulin and the myosin light-chains are
phosphorylated. Once the stimulus for the release of
calcium has been withdrawn, a series of Ca-ATPases
move the Ca** back into the SR or out of the cell. As
a result of decrease in intracellular calcium levels,
the calcium leaves the calmodulin and the myosin
light-chain kinase gets inactivated. As the myosin
light-chain is dephosphorylated, the myosin head no
longer has significant affinity for the actin active site
and relaxation follows.

% - h .
S B " | (
__‘ Thick filament / * ; \

Latch bridge

Cross-bridge

Fig. 28.3A to D: Diagrammatic representation of four-state biochemical model for the contfraction of smooth muscle in
response to calcium stimuli: Depicts free unphosphorylated myosin and formulation of actin flament (A), detached
phosphorylated myosin (B), attached phosphorylated myosin (C), attached unphosphorylated myosin (D). (Reference:
Tao Liu. A constitutive model for cytoskeleton contractility of smooth muscle cell. Proceedings of the Royal Society. 08

April 2014; volume 470, issue 2164)
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PROPERTIES OF PLAIN (SMOOTH) MUSCLES

Broadly speaking, properties of the plain (smooth)
muscle are same as those of the skeletal muscle, with
the following differences.

Excitability and Contractility

e Plain muscle is less excitable. Contraction is slow,
and worm-like. All the periods are longer. The latent
period varies from 0.2 to 2 second, period of
contraction from 0.5 to several seconds; the period
of relaxation is proportionately longer than that of
contraction.

* Therefractory period is also much longer. One more
peculiarity is that, a particular stimulus (electrical
or mechanical) may cause either contraction or
relaxation. If the muscle is relaxed, the stimulus will
cause contraction; but if it is already contracted, the
stimulus will relax the muscle.

* The effect of temperature is also different. Moderate
warming cause relaxation and cold temperature
produces contraction.

* Phasic and tonic contraction: Type of contraction in
smooth muscle is phasic and tonic type. The rate of
phosphorylation, calcium concentration in cytoplasm
and rate of cross-bridge cycle returns to basal resting
level in phasic contraction, while they do not in tonic
contraction. The attach cross-bridges are known as
latch bridges. The rate of cross-bridge cycle when
decreased produces sustained state of contraction
with increased muscular tension and lower level of
myosin light-chain kinase activity and less
expenditure of energy. This sustained state of smooth
muscle contraction is the latch bridge mechanism.

Rhythmicity

It has automatic inherent rhythmicity. When slightly
stretched most varieties of plain muscles will exhibit
rhythmic contractions. These contractions are
independent of all nerves and are purely myogenic.
The ‘stretch” acts as a stimulus causing the relaxed
muscle to contract and the contracted muscle to relax.
In this way as long as the “stretch’ is maintained, the
alternate rhythmic contraction and relaxation will
continue.

Condluctivity

The wave of contraction is propagated along the
muscle fibre but the rate of propagation is much
slower. One peculiarity is that in the plain muscle the
stimulus travels from fibre-to-fibre through the nexus
and the wave of contraction is propagated through
the whole muscle sheet. The electric changes during
contraction are also peculiar because, two negative
potential changes are found to accompany each
contraction.

Tonicity
Plain muscles remain in a state of light tension.

Factors affecting the activity of plain muscle

1. Temperature: Heat diminishes both excitability and
tonus. Cold, on the other hand, increases tonus.

2. Salt balance: The activity of the smooth muscle is
modified by K; Ca ratio. Ca** influences the Na*
permeabilitymechanism and increases the rate of rise
of spike; K* also increases the tone of the smooth muscle.

3. pH: Increase in pH lifts tonus and rhythmic activity,
decrease in it produces quiescence and relaxation.

4. Previous state of activity: A stimulus which generally
causes contraction, will induce relaxation in a smooth
muscle if it is already in a state of high tonus.

5. Hormones: The secretion in smooth glands has
profound influence over the activity of plain muscle.
Contraction of uterus on stimulation is dependent
on the state of oestrus of the organ. Acetylcholine
stimulates and adrenaline depresses the tone of
muscle. Posterior pituitary extract also increases tonic
contraction of the uterine and intestinal muscles.

Functions of the Muscular Tissue

1. The specialized function of the muscular tissue is to
contract and thereby produce motion. Although the
skeletal muscle fibres contribute to the functioning
of the body as a whole, yet the extent is much greater
than the production of movement per se.

* Movement of the osseous tissue at the joints
encompasses:

— Locomotion of the body from here to there
(ambulation)

— Changes in position of the body (i.e. standing,
lying down, stooping over, moving of eyeballs,
tongue and extremities, etc.).

2. Development of muscular skills involved in our
activities and in our speech.

3. Much production of body heat and fluid balance is a
concomitant contribution of muscles to whole body.

4. Muscles help in maintaining the posture of the body,
the formation of walls of body cavities and the
support of the organs within cavities.

5. As muscles are dependent upon the circulatory
system, they reciprocate by helping to protect blood
vessels and assist in maintaining the circulation of
the body by forceful contraction of the heart.

6. As muscles help in respiration, they contribute to
the provision for oxygen and eliminate carbon
dioxide, maintaining the vital acid—base balance of
the body.

7. Muscles are agents of the brain by means of which
we maintain our independence and give overt
expression to our inner thoughts and feelings.

8. They also assist in reacting the threats of danger to
our well-being and that of others dear to us.
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Rigor Mortis

Rigor mortis is a state of rigidity that develops in the
muscles after death. Isolated muscles also develop rigor
mortis. While in this condition the muscle (a) loses its
excitability, (b) shortens in length, (c) increases in
thickness, (d) becomes viscous and loses translucency,
(e) becomes distinctly acid (pH 5.8), (f) gradually
becomes stiff, (g) glycogen disappears, and (h) the
muscles give off carbonic acid. Severe muscular exercise
immediately before death hastens the onset of rigor
mortis. This is found in soldiers killed in action and
also in hunted animals. The time of onset is not the same
in all muscles. On the average, rigor mortis starts in
the second hour and is completed in three hours after
death. The muscles of the body are involved in the
following order—lower jaw, face, neck, thorax,
abdomen, upper extremities and lastly the lower
extremities. Rigor mortis disappears 24 to 36 hours after

death due to autolysis. The disappearance also follows
the same order. Caffeine, arsenate, chloroform vapour,
increased temperature and acidity hasten rigor mortis.
Rigor mortis is a state of permanent irreversible
contraction and is associated with deficiency of ATP
causing establishment of permanent link between actin
and myosin. This deficiency of ATP fails to bring about
dissociation of actomyosin to actin myosin. It is
postulated that during activity creatine phosphate level
is associated with the ATP level of the muscle. The
creatine phosphate is the high-energy resource of the
muscle and its level is dependent upon the ATP. When
ATP falls to 85% and creatine phosphate to 30% of its
initial value, the symptoms of rigor mortis begin to
appear.

Characteristics of skeletal, smooth and cardiac
muscles are given in Table 28.1.

Table 28.1: Characteristics of skeletal, smooth and cardiac muscles

Characteristics
Histology

1. Size and shape
2. Striations

3. Sarcolemma
4. Nucleus

5. Sarcotubular system

6. Branch

7. Cell-to-cell conduction

Properties

1. Rhythmicity

2. Conductivity
All-or-none law

3. Contractility

4. Refractory period

(a) Tetanus
(b) Fatigue

5. Tonicity

Skeletal

Cylindrical; 1-40 mm long,
10 to 100 pm in diameter

Transverse, longitudinal

Present and complete
Multiple, just under the
sarcolemma

Present, T-systems are at
junctions of A-l band

(in mammals). Terminal
cisternae are prominent
Nil

Nil

Nil
Very fast
True for single fibre

Simple muscle curve with
characteristic features

Short—within latent period

Possible
Possible

Tone depends on nerves

Smooth

Elongated, fusiform, length
0.2 mm (average), width—
6 pm (central portion)
Longitudinal (special
preparation)

Present and complete
Single at the centre with
distinct nucleoli

Present but not so
characterised

Nil

Through nexus

Present
Slower
True for single fibre

Slow and worm-like. All
periods of the curve longer
Longer than smooth

Not so

Possible. Difficult to
demonstrate
Independent of nerve

Cardiac

Short cylindrical, rectangular in
longitudinal section, polyhedral
in transverse section

Both longitudinal and transverse

Present and complete
Single and central

Present, but without terminal
cisternae. T-system is more
prominent and present at Z-line
(in mammals)

Multiple branches. In all
directions—three-dimensional
network without cytoplasmic
continuity (false syncytial
appearance)

Through specialised areas of
intercalated use

Present and characteristic
Slower, different in different parts
True for the whole heart, because
of functional syncytium
Characteristic muscle curve
Contraction, longer than relaxation
Longest, whole contraction
period is absolute refractory
Impossible

None, long refractory period
ensures recovery

Independent of nerve

(Contd.)
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Characteristics
Composition

1. Protein

. Glycogen

. ATP and phosphagen
. Carnosine

. Fats

g~ W N

6. Inorganic
Action of ions
1. Sodium

2. Calcium

3. Potassium

Metabolism

1. Carbohydrates
(@) Lactic acid

(b) Glycogen
2. Blood supply and O,
consumption

Distribution

Control
Nerve supply

Skeletal

Maximum

Less

Present

Maximum

Mostly neutral fats

Na/K—1/5 Ca**

Excitation

Present mostly in sarcoplasmic
reticulum and stimulates
ATPase activity during
muscular contraction

Reduces excitability and
hastens fatigue

Oxidised less easily than
glucose and other incomplete

Reduced in starvation and
diabetes mellitus

Moderate
Skeletal
Under the will, so voluntary

Somatic with special nerve
endings

Smooth

Less

More

Present

Less

Mostly neutral fats

About same

Probably same

Same as skeletal

Probably same

Oxidised less easily than
glucose and often incomplete

Reduced in starvation and
diabetes mellitus

Less

Hollow viscera, capsules,
skin, etc.

Not so, involuntary

Autonomic with ganglia and
free nerve terminals

Table 28.1: Characteristics of skeletal, smooth and cardiac muscles (Contd.)

Cardiac

Less
More
Present
Less

More phosphatides and
cholesterol than in others

Na/K—1/2, i.e. more Na, Ca**

Initiates and maintains heartbeat

Increases strength of contraction
and duration of systole

Inhibits contration and produces
relaxation

Completely and more readily
than glucose

Increased

High

Only in heart

Not so, involuntary
Same as in involuntary

EXAM-ORIENTED QUESTIONS
Essay

1. Describe the histological structure of smooth muscle.

2. Discuss the property of smooth muscle.

3. Describe the mechanism of contraction of smooth
muscle.
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CLINICAL CASE SCENARIO

Nerve Muscle

Q1. A 17-year-old female patient complained of
generalized weakness, fatigue, inability to sit in
squatting position and drooping of eyelids. Her anti-
acetylcholine antibody titer is increased. What is the
diagnosis? What are the commonly affected muscles
in this disease? Which is the most common risk in
such patients?

Ans. The patient is suffering from myasthenia gravis.
The muscles most commonly involved are facial, ocular
and muscles of swallowing and mastication. The most
life-threatening complications in such patients is
paralysis of respiratory muscle leading to cardio-
respiratory arrest.

Q2. Identify the condition in which there are
circulatory antibodies in circular against calcium.
Name the muscle which is commonly affected in this
disease.

Ans. Lambert-Eaton syndrome. The muscle which is
most commonly affected is proximal muscle of lower
limb.

Q3. A 25-years-old female suffering from generalized
muscular weakness and disability died of heart
failure. Her case profile revealed mutation of dystro-
phin gene. What can be the likely diagnosis? What
effects will mutation of dystrophin gene lead to?

Ans. The patient is suffering from X-linked disease
Duchenne muscular dystrophy. The mutation of
dystrophin geneleads to altered structure of dystrophic
glycoprotein complex in muscle. The dystrophin
glycoprotein complex aids in strengthening the
myofibrils by connecting thin filaments to B dystro-
glycan in the sarcolemma.

Important Historical Backsround of Nerve Discovery
1. Jan S wammerdam (1637-1680)

He discovered that stroking the innervating nerve
of the frog’s gastrocnemius muscle generates a
contraction.

Human Physiology

2. Alessandro Volta (1745-1827)

He developed a device that produced electricity and
this could be used to stimulate muscles. He invented
the electric battery. The term “volt” comes from his
name and is in use till date.

3. Luigi Galvani (1737-1798)

He was an Italian physicist who discovered animal
electricity; and is recognized as the pioneer of
bioelectromagnetics. He showed that electrical
stimulation of muscular tissue produces contraction
and force.

4. Carlo Matteucci (1811-1868)

He was an Italian physicist and neurophysiologist
who pioneered work in bioelectricity showing that
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bioelectricity is connected with muscular contraction.
He demonstrated the existence of the action potential
accompanying a frog’s muscle in 1842.

5. Guillaume Duchenne (1806-1875)

He was a French neurologist, who was first to
describe neuromuscular disorders and also develop-
ment treatment for them and also created electro-
diagnosis and electrotherapy.

6. Herbert Jasper (1906-1999)

He constructed the first electromyograph from 1942—
1944 at McGill University (Montreal Neurological
Institute). He used his instruments to perform
groundbreaking work with epilepsy and neurology.

7. John Basmagian (1931-2008)

He was a Canadian scientist. He was known for his
well known for his work in electromyography and
biofeedback. He performed some of the earliest

studies using fine-wire EMG (electromyographic) to
demonstrate that subjects could voluntarily control
even at the single motor unit level and this is
controlled by a single neuron in the spinal cord. He
authored a book on biofeedback which is well
defined text on EMG and biofeedback.

Recent Update: A Newly Discovered Muscle:
The Tensor of the Vastus Intermedius

The quadriceps femoris is recognized as a muscle group
composing of the rectus femoris and the three vasti.
But the clinical experience and investigations of
anatomical cadaver descriptions are not consistent with
the textbook description. A new muscle referred as
second tensor-like muscle between the vastus lateralis
(VL) and the vastus intermedius (VI), has been
identified and named as the tensor VI (TVI). This study
demonstrated that there is an additional muscle belly
between the VI and VL, which cannot be clearly
grouped or assigned to the former or the latter. Distal
exposure shows that this muscle belly becomes its own
aponeurosis, which continues distally as part of the
quadriceps tendon.

Reference: Gorb K, Acland T, Kuster MS, Manestar
M, Filguiera L. A newly discovered muscle: The tensor
of the vastus intermedius. Clin Anat 2016; 29(2):256—
63.

Recent Advances in Signal Transduction

Paul Greengard is a neuroscientist from United States
of America and well known for his work on the cellular
and molecular function of neurons. He along with
Arvid Carlsson and Eric Kandel were awarded the
Nobel Prize for Physiology or Medicine in the year 2000
for their discoveries concerning signal transduction in
the nervous system.

Greengard and Eric Richard Kandel demonstrated
how dopamine interacts with a receptor on the cell
membrane of a neuron to cause increase in cyclic AMP,
which in turn activates protein kinase A which further

Paul Greengard
1925
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Eric Richard Kandel
1929

Arvid Carlsson
1923

activates other protein by phosphorylation. The
activated protein carries functions bringing various
changes in the cell: Transcribing DNA to make new
proteins by moving ion channels to the cell surface
increasing the cell’s excitability or moving more receptors
to the synapse thereby increasing the neuron’s sensitivity.

Human Physiology

It was Carlsson who developed a method for
measuring the amount of dopamine in brain tissues.
His research finding revealed that dopamine levels in
the basal ganglia were especially high. He administered
reserpine drug in animals and demonstrated that there
is decrease in dopamine levels and a loss of movement
control after the same. These symptoms were similar
to those of Parkinson’s disease. He could alleviate the
symptoms by administering L-dopa to these animals.
These findings led to use of L-dopa for treating
Parkinson’s disease.
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INTRODUCTION

The primary function of the cardiovascular system
is to provide an adequate supply of oxygen and
nutrients to all cells of the body and carry away the
waste products of their metabolism. It is a well-
organised transport system of the body by which
the blood being circulated within a closed system
under different pressure gradients, created by the
pumping mechanism where heart acts as the central
pump (Fig. 29.1).

The cardiovascular system includes (a) heart,
(b) arteries, (c) capillaries and (d) veins. They all differ
in structures as well as in functions. Blood is in
circulation and is carried out to various tissue
delivering oxygen and nutrients to them. Blood gets

Veins from head and neck
Veins from upper extremities

Veins from chest and arms

Superior vena cava
Right lung

Pulmonary veins

Right atrium
Hepatic vein

Inferior vena cava
Liver

Portal vein

Veins from Kidneys

Veins from lower extremifies

Introduction to
Cardiovascular System

deoxygenated in the tissues and oxygenated in the

lungs. Consequently, it has to pass alternately through

lungs and tissues, doing opposite functions at these

two places. Hence, circulatory system has been divided

into two functionally opposite parts:

1. Systemic circulation (greater circulation with high
resistance circuit)}—passing through the tissues.

2. Pulmonary circulation (lesser circulation with low
resistance circuit)}—passing through the lungs. The
two systems again meet in the heart (Fig. 29.2).

The main functions of circulation are to make
available to the tissues its different metabolic needs and
on the other hand to carry away from the tissues the
CO, and other metabolic waste products for elimination
from the body. These are done in two ways: (1) By

Arteries to upper extremities

Pulmonary arteries
Aorta

Left lung
Left atrium

Left ventricle

Right ventricle

Descending aorta
Hepatic artery

Arteries o
alimentary canal

Arteries to kidneys

Arteries to lower extremities

Fig. 29.1: Arrangement of the different parts of the circulatory system
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Right atrium

Right
ventricle

X I ( Left atrium
5\ Al ik Left ventricle

Pulmonary
artery PU|\r/ne?r:\So ry
Veins \ Lung } Arteries
capillaries
Venules Arterioles

\ Capillaries /

Fig. 29.2: Relationship between systemic and pulmonary
circulation

maintaining patent circulation, so that blood is supplied
adequately to every part of the body (in rest and
activity). (2) By maintaining an optimum blood pressure
which is essential for capillary exchange.

ANATOMICAL CONSIDERATIONS OF
THE HEART

The heart rests obliquely in the thoracic cavity (Fig. 29.3).
The anterior surface of the heart faces the sternum, the
posterior surface—the base of the cone faces the
vertebral column and the inferior or diaphragmatic
surface rests on the diaphragm.

Key Points

1. The heart has got four chambers (Fig. 29.4); two
ventricles and two atria: both right and left. The two
left chambers are separated from the two right ones,
by a continuous partition, the atrial portion of which
is called the interatrial septum (fibrous).

2. Atrium is sometimes called auricle. Strictly speaking,
the auricles mean the ear-like flaps protruding from
the atria, although atria and auricles are often used
synonymously.

3. The ventricular part is known as the interventricular
septum (upper one-fourth fibrous, lower three-
fourths muscular).

¢ From the left ventricle arises the aorta, carrying
oxygenated blood to the tissues.

e From the right ventricle, which is less muscular
than the left, arises the pulmonary trunk, carrying
reduced blood to the lungs.

¢ The right atrium receives all the venous blood
from the body through three veins; the inferior

Apex of heart
in 5th intercostal
space

Fig. 29.3: Anatomical position of the heart in the thoracic
cavity

SVC
/

Fig. 29.4: Showing the chambers, valves and vessels of
heart TCV (RAVV): Tricuspid valve (right atrioventricular
Valve); BCV (LAVV): Bicuspid valve (left atrioventricular
valve); RV: Right ventricle; LV: Left ventricle; RA: Right
atrium; LA: Left atrium; SVC: Superior vena cavag; IVC:
Inferior vena cava; PA: Pulmonary artery; PV: Pulmonary
vein; SLV: Semilunar valve

and the superior venae cavae, and the coronary
sinus.

¢ The left atrium receives all the oxygenated blood
from the lungs through pulmonary veins.

4. Thus, the four chambers of heart perform four
different functions. The course of circulation is as
follows (Figs 29.1 and 29.2).

a. The left ventricle propels oxygenated blood to
the tissues. Here, it gives up oxygen and becomes
reduced. The reduced blood comes back to the heart
through the veins and is received by the right atrium.

b. From the right atrium it passes into the right
ventricle, which then propels it into the lungs.




Here, it becomes re-oxygenated, and is

returned to theleft atrium through the pulmonary

veins.

c. From here it enters the left ventricle and is
pumped out into the greater circulation again.
In this way circulation goes on.

5. The systemic circulation, therefore, begins in the left
ventricle and ends in the right atrium.

6. The pulmonarycirculation starts in the right ventricle
and ends in the left atrium (Fig. 29.2). The right half
of the heart is concerned with reduced blood, while
the left half with oxygenated blood.

7. Two technical terms are used in connection with
heart, e.g. systole and diastole. The term systole
means contraction and diastole means relaxation.

Valves of the Heart (Figs 29.4 and 29.5)

There should not be any admixture between arterial

and venous blood. In other words, circulation must be

strictly one way. This is done by the action of valves.

There are four sets of valves in the heart.

* The right atrioventricular opening is guarded by
tricuspid valve [anterior (infundibular), posterior
(marginal) and medial (septal) cusps].

* The left opening is guarded by the mitral (due to its
resemblance to a Bishop’s mitre) or bicuspid valve
[anterior and posterior cusps].

* The openings of the aorta and pulmonary artery are
guarded by semilunar valves (three cusps).

Characteristic Features

1. The cusps of tricuspid valve and mitral valve are
triangular in shape and are attached at their bases to
margins of fibrous connective tissue encircling the
atrioventricular orifices. These valves open when the

Posterior cusp
Tricuspid )
valve Medial cusp

Anterior cusp

Aorta

Right coronary
artery

Aortic Posterior cusp

semilunar

Right cusp
valve

Left cusp
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blood passes from the atria to the ventricles. The
apices of the valves are projected within the
ventricles during flowing of blood into ventricles.
But the apices are restricted to bulge within the
atrium during ventricular contraction by the pre-
sence of chordae tendineae which attach the apical
end of the valve and the papillary muscle in the
ventricular wall at the other (Fig. 29.6). During
ventricular contraction the pressure of blood forces
the cusps into apposition and closes the orifice and
the chordae tendineae prevent the cusp to go inside
the atria or allowing blood to be ejected back into
the atria.

. The term artery means a vessel which carries blood

away from the heart. The term vein indicates a vessel
carrying blood towards the heart. In the systemic
circulation arteries carry oxygenated blood (arterial
blood) and the veins carry reduced blood (venous
blood). But in the pulmonary circulation their
functions are opposite.

. The larger and stronger aortic semilunar valve

guards the orifice between the left ventricle and the
systemic aorta, whereas the pulmonary (pulmonic)
semilunar valve guards the opening between the
right ventricle and the pulmonary trunk.

. Thicker nodules or corpora arantii are attached

at the centre of free margin of each semilunar
pocket.

. Sinuses of Valsalva or aortic sinuses are present

between aortic wall and cusps of the valve (Fig. 29.5).
During ventricular contraction the intraventricular
pressure rises and the push opens the valves. During
ventricular relaxation the blood begins to flow back
and the cusps are thus kept in apposition and the
orifice is closed (Fig. 29.7).

Posterior cus
e Mitral valve
Anterior cusp

Left coronary
artery

Commissure

Left cusp
. Pulmonary
Right cusp semilunar
valve

Anterior cusp

Fig. 29.5: Opened AV valves of the heart in diastole (atria removed) permitting blood flow into ventricles
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Right atfrium

Superior Left atrium

vena cava

Aortic valve

\ ! ' Left pulmonary veins

Left atrioventricular valve

Right
pulmonary veins

Pulmonary valve

Right
atrioventricular valve
Left ventricle
Right ventricle Interventricular septum

Chordae tendineae

Inferior vena cava ~———— Papillary muscle

Fig. 29.6: Diagram shows the arrangement of AV valves and their attachment with chordae tendineae and papillary
muscles

Tricuspid valve Mitral valve

Annulus fibrous
Aorta

Left coronary artery
Right coronary artery ——~
Aortic semilunar valve

Pulmonary trunk
Pulmonary semilunarvalve ——

Fig. 29.7: Diagram showing the heart after removal of atria in systole with open semilunar valves

3. Heart is a miracle of constants. The two ventricles
contract simultaneously, as also the two atria. The
same amount of blood passes out of the ventricles at

Action of the Valves
Key Points

1. The atrioventricular (AV) valves open towards the

2.

ventricles and close towards the atria.

The semilunar (SL) valves open away from the
ventricles and close towards the ventricles. So that when

the same time during systole. The same amount of
blood enters the heart at the same time during
diastole. Any discrepancy in the time or in the
quantitative relations may ultimately cause heart

atria contract, atrioventricular valves open and blood failure.
passes into the ventricles (Fig. 29.8). When ventricles
contract, atrioventricular valves close, but semilunar
valves open. This prevents regurgitation of blood
intotheatriabutallows it to flow out of the ventricles

(Fig. 29.9). In this way circulation becomes one way.

Histology of the Cardiac Muscle

The aorta divides successively into branches of
gradually diminishing calibre. It, at first, breaks up into
anumber of big arteries, each one of which divides into



Fig. 29.8: Condition of heart when atria contract. AV valves
open and SL valves shuts

Fig. 29.9: Heart during ventricular contraction: AV valves
closed and SL valves open

a number of smaller arteries. Each small artery gives
rise to a bunch of arterioles (0.2 mm outside diameter).
Blood flows from the arteriole into a metarteriole and
then into the capillaries (7-9 pm in diameter).
Metarterioles lead into thoroughfare (preferential)
channels which lead into venules. The true capillaries
which are shorter in length arise from the metarterioles,
arterioles and thoroughfare channels (Fig. 29.10). In
each capillary there is a precapillary sphincter which is
under the control of the sympathetic nervous system.
By means of this sphincter blood flow through the
capillary may be adjusted.

At each division, the vascular bed enlarges and blood
pressure falls—because the total cross-section of the
branches is greater than the parent vessel. The
capillaries collect into venules, venules into veins and
ultimately come back to the heart through the two venae
cavae.
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Fig. 29.10: Structural pattern of the capillary bed

The whole circulatory system is built up on the same
histological plan. There are three layers; the outer layer
is made-up of fibrous tissue (collagen) and elastic tissue
(tunica adventitia or externa), the middle layer of plain
muscles and a network of elastic fibres (tunica media)
and the inner layer of endothelium surrounded by an
elastic layer (tunica intima or interna) (Figs 29.11 and
29.12). But all the layers are not found equal proportions
in all the vessels (Fig. 29.13). In the heart, tunica
adventitia is represented by the fibrous pericardium;
the media by cardiac muscle and the intima, by the
endocardium.

Tunica
intima

Endothelium

Tunica

adventitia

Fig. 29.11: Layers of arfery
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Fig. 29.13: Diagram shows the comparative thickness of
different layers in artery and vein

Arteries

1. In the arteries, all the layers (Fig. 29.14) are present.
The two outer layers are very thick, because it has to
withstand considerable blood pressure.
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Fig. 29.14: Diagrammatic structure of arterial wall

2. The tunica media consists chiefly of circularly
arranged smooth muscle cells.

3. The tunica adventitia is composed chiefly of white
fibrous connective tissue that runs parallel to the long
axis of the blood vessels and a definite external elastic
membrane is present very close to the media. This
outer coat is comparatively non-elastic and limits the
stretching of the artery and thus prevents undue
distension and rupture.

4. The tunica intima consists of a single layer of
endothelium, set upon a basement membrane of
elastic tissue known as the internal elastic membrane
(elastic lamina). Besides these, there is also an inner
endothelial lining which is subendothelial layer of
delicate fibro-elastic (areolar) connective tissue.

5. A special system of vessels—the vasa vasorum—passes
into the arterial wall to supply blood to these layers.

Arterioles

1. The arterioles have got relatively thick walls and
narrow lamina. These vessels are rich in vasomotor
innervations and are capable of distributing blood
to the different portions of the body by vasodilatation
and vasoconstriction. Pressure and flow of the
vascular systems are principally maintained through
modifying the lumen of the arterioles.

2. The arterioles also possess three layers (Fig. 29.15).
The tunica intima consists of endothelial lining and
internal elastic membrane. But it is devoid of sub-
endothelial fibro-elastic connective tissue.

3. The tunica media is composed of one to five layers
of muscle cells and contains scattered elastic fibrils.

4. The tunica adventitia is also present and is very thin.
It is composed of loose connective tissue. There is
no definite external elastic membrane.

Capillaries

These make a connective link in between the arterioles
and venules. They are linked by a single layer of flat
endothelial cells which are the major component of the
wall (Fig. 29.16). The capillary endothelium does not
directly touch the elements of other tissues and is
always separated from a supporting bed of the
connective tissue by an intervening layer—the basal
lamina. The average diameter of the capillaries is 7-9 pm
and just allowing blood corpuscles to pass through. In
resting state the most of the capillaries remain closed
and during functional state all of the capillaries mostly
open up.

Sinusoids: Sinusoids and sinusoidal capillaries are not
true capillaries and they have got relatively large calibre
(30 pm) with irregular and tortuous walls. The
continuous endothelial lining is absent. There is also
some incomplete lining of phagocytic cells. Due to
absence of basal lamina, the blood gets direct contact
with the tissue cells.
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Fig. 29.15: Structure of an arterial wall showing endothelium, muscle cells, elastic fibres, etc.
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Fig. 29. 16: Arrangement of endothelial cells along the wall
of a blood capillary

Veins: In veins all the three layers are present but the
intima and media are comparatively thinner than those
of arteries and this is only due to reduction of muscular
and elastic components. Though the walls are very thin
yet the vessels are very strong due to presence of
connective tissue components.

In tunica intima, the endothelial cells are less
elongated than those of the arteries. A little connective
tissue along with a few fine elastic fibres is present. In
tunica media, there is a little elastic tissue and muscle.
There are also considerable collagen fibres. The tunica
adventitia is much developed and much thicker than
the tunica media due to presence of muscle, collagen
and elastic fibres. Structures of the veins all throughout
are not same and differ from one place to another. Some
veins do not possess smooth muscle. These are the
cerebral veins, meningeal veins, retinal veins, etc.

Valves of the Veins

Valves are present in most of the veins particularly of
those of the lower limb. These valves prevent backflow
from the heart. These are semilunar pocket like flaps
(Fig. 29.17) formed by the local folding of the intima.

Blood Vessels (Vasa Vasorum)

Large arteries and veins of diameter above 0.1 mm are
generally supplied with nutrient blood vessels which
arise from the adjacent small arteries. In large arteries
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Fig. 29.17: Diagram depicts the action of valves

the vasa vasorum penetrates or may penetrate all the
layers of the blood vessels and ends ultimately with
the lumen of the artery. In true sense, the vasa vasorum
actually supplies the tunica adventitia and the external
part of the tunica media.

Lymphatics of Blood Vessels

Lymphatic vessels are also present abundantly in the
adventitial and peri-adventitial tissue.

Factors that Maintain Circulation

1. Pumping action of the heart: This is the main motive
force of circulation.

2. Elastic recoil of the arteries: Ventricles contract
during systole and relax during diastole. So during
systole certain amount of blood is being led directly
into the aorta and thus the vessel is stretched
(potential energy is gained). But due to elasticity of
blood vessel wall, the aorta recoils during diastole
of the ventricle and thus blood moves forward (due
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to change of potential energy into kinetic energy for
flow) towards the periphery as the backward
movement is restricted due to presence of semilunar
valves.

3. Pressure gradient: Blood pressure gradually falls
from the left to the right side of the heart. In the big
arteries the average pressure is 120 mm of Hg; in the
arterioles the pressure sharply falls to about 50-60 mm
of Hg; in the capillaries the pressure is about 15 mm
of Hg; in the veins the pressure falls further, while
near the heart the pressure is 0 mm of Hg or even
negative. Due to this pressure gradient blood passes
from the higher to the lower pressure, i.e. from the
left to the right side of the heart.

4. Respiration: During inspiration intrathoracic pressure
falls and intra-abdominal pressure rises. Hence, with
each inspiration, venous blood is sucked up by the
thorax and is pumped out by the abdomen.

In this way respiration helps venous return and
acts as a great force in maintaining circulation.

5. Muscular exercise: When muscles contract, they
squeeze the capillaries and veins, and thus help
venous return. This is aided by the valves of veins,
which prevent the passage of blood back towards
the capillary bed (Fig. 29.18).

6. Effect of gravity: Above the level of heart, it helps
venous return. But below the level of heart, it works
against it.

Special Junctional Tissues

Cardiacmuscle consists essentially of certain specialised
structures which are responsible for initiation and
transmission of cardiac impulses at a higher rate than
the rest of the muscle. Those specialised cardiac tissues

Valve open

Blood flow

Muscle
contracted

Valve
closed

Fig. 29.18: Showing the action of valves of a vein during
muscular exercise

operate such mechanism are collectively known as the
junctional tissues of heart (Fig. 29.19). They comprise
the following structures; (a) Sino-atrial (SA) node,
(b) Atrioventricular (AV) node, (c) bundle of His
(atrioventricular bundle), (d) the right and left branches
of the bundle ending, (e) Purkinje fibres.

Histology of the cardiac muscle has been already
described earlier. The sino-atrial and atrioventricular
nodes and bundle of His are composed of specialised
cardiac tissue (Fig. 29.20) and contain high amount of
glycogen. These have got more sarcoplasm than the rest
of the cardiac muscle fibres. Purkinje fibres also contain
high amount of glycogen in their sarcoplasm. The atrial
muscle fibre is connected with the ventricular muscle
fibre only through the bundle of His because a fibrous
tissue ring keeps the atrial muscle separated from the
ventricular muscle. Damage of bundle of His causes
dissociation of atrial and ventricular rhythm.

Sino-atrial Node (Keith and Flack, 1907)

Sino-atrial node is situated in the right atrium at the
junction of superior vena cava and the right auricular
appendage. It extends downwards along the sulcus
terminalis for about 2 cm (three-fourths of an inch). It
is broader at the top and tapering below, and measures
about 5 x 20 mm.

Goldman (1970) has described that there are three
internodal atrial pathways originating from the SA
node go to the AV nodal region (Fig. 29.21).

Theseinternodal tracts contain Purkinje type of fibres.

1. The anterior internodal tract after coming out
from the SA node curves round the superior vena
cava and anterior wall of the right atrium. Here
it bifurcates into two branches, one of which goes
to the left atrium and other goes to the anterior
superior region of the AV node.

2. The middle internodal tract and posterior
internodal tract after coming out from the SA
node curve behind the superior vena cava and
end in the superior margin and posterior margin
of the AV node respectively.

Functions

It generates the normal cardiac impulse at the rate of
70 to 80 per minute in the adult and acts as the
pacemaker of heartand the rhythm originated from this
region is generally designated as sinus rhythm.

Atrioventricular Node (Tawara, 1906)

Atrioventricular node is situated in the right atrium at
the posterior part of the interatrial septum close to the
opening of the coronary sinus. It measures about2 x 5 mm.
The presence of the atrioventricular node was first
identified by Kent in 1892 and afterwards His in 1893
described a band of modified muscle fibres to course
from the atrium to the ventricle.

k
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Fig. 29.19: Specialised nodal tissues and conducting tissues in human heart
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Fig. 29.21: Diogram shows the internodal pathways of
impulse—conducting systems from SA node to AV node

Functions

a. It receives the impulse originating from the SA node
and transmits it to the ventricles through the bundle
of His.

b. It acts as reserve pacemaker. The rhythm that is
originated in the AV node is known asnodal rhythm.

c. It also initiates the cardiac impulse, but at a slower
rate (40 to 60 per minute). In abnormal conditions,
when the SA node fails, the AV node generates the
impulse (nodal rhythm).

Superior vena cava

Interatrial septum

Sino-atrial node

Afrioventricular node

Bundle of His

Right bundle branch ———~

Papillary muscle

08
Bundle of His

The main trunk of this bundle is continuous with the
AV node and passes upwards until it reaches the poste-
rior margin of the membranous part of the inter-
ventricular septum and then forwards below it. It
measures about 20 mm long.

Bundle Branch

Just above the muscular part of the septum, the bundle
divides into right and left branches. The right bundle
branch is longer than the left one. The left bundle branch
bifurcates into superior and inferior divisions. It pierces
the membranous septum, enters the left ventricle and
passes along the muscular septum towards the apex.
The left branch ends in the Purkinje systems of the
ventricular subendocardial tissue (Fig. 29.22). The right
branch passes down the right side of the septum. These
branches remain just under the endocardium. They are
finally distributed through the terminal arborisations
of a special type of cardiac muscle fibres, known as the
Purkinje fibres. The main bundle (bundle of His), its
right and left branches and the finer ramifications of
the latter remain ensheathed in a special connective
tissue covering and thus separated from the
surrounding cardiac muscles.

Functions

a. Conduction: The normal function of bundle branch is
to conduct the atrial impulse into the ventricles.

Superior division of
left bundle branch

Purkinje system

Membranous septum

Chordae tendineae

Inferior division of left
bundle branch

Muscular interventricular septum

Fig. 29.22: Conducting system of heart muscle



b. Rhythmicity: When the SA and AV nodes fail, the
bundle can originate cardiac impulse. But the rate is
very slow, about 36 per minute.

Purkinje Fibres

The purkinje fibres which arise from the branches of
the bundle of His, spread from the interventricular
septum directly to the papillary muscle and then to the
lateral walls of the ventricle ending ultimately within
the subendocardial network. Purkinje (1845) first
observed the presence of these fibres in the subendocardial
tissue of the ungulate heart. Purkinje fibres have got a
larger diameter (50 to 70 pm) than the ordinary cardiac
muscle fibre (15 pm). It also contains relatively more
sarcoplasm with large amount of glycogen. Myofibrils
in the fibre are present mostly in the periphery of cells
and the central space is occupied by glycogen.

Functions

Main function of these fibres is to conduct impulse
quickly to every part of the ventricular muscle fibre.
These fibres also can initiate impulse (30-35 per min)
in case of atrioventricular dissociation.

Human Physiology

“l am obliged to conclude that in animals
the blood is driven round a circuit with
an unceasing, circular sort of movement,
that this is an activity or function of the
heart which it carries out by virtue of its
pulsation, and that in sum it constitutes
the sole reason for the heart’s pulsatile o 3
movement”. ~ B

William Harvey
1578-1657

EXAM-ORIENTED QUESTIONS
Essay

1.

Describe the conducting system of the heart.

Short Notes

1.

A

Functions of Sino-atrial Node
Functions of Atrioventricular Node
Functions of Bundle Branch
Functions of Purkinje Fibres
Valves of the heart




ORIGIN OF THE HEARTBEAT

Initiation of Impulse and Localisation of Pacemaker

By separating artria from the ventricles of excised
hearts, William Harvey in 1628 had shown that the
artial rhythm was higher than the ventricular rhythm.
Keith and Flack (1907) have described that from the
SA node the heart beat first starts. If the impulse
conduction fromthis area is cut off by giving a Stannius
ligature between the sinus and artrium of the frog heart
(first Stannius ligature), the heart beat does not cease
but a new slower rhythm dovelops within a few
seconds from the new pacemaker area. This indicates
that the SA node (sinus) is not the only pacemaker; there
is other pacemaker area-the AV node which can
maintain the beat in its absence. If second ligature is
applied in the same heart between the atrium and
ventricle then ventricle begins to beat at a more, slower
rate indicating that ventricle can function as pacemaker
in the absence of SA node or AV node. Now it shows
that the three separate components of the heart beat at
descending order of frequency are represented by the
sequence; — sinus — atrium — ventricle. In normal
heart the SA node controls the rest of heart muscle by
its higher rhythmical activities.

This classical experiment, described above cannot be
possible in mammalian heart because, SA node and AV
node are both present in the atrium. So by simple
ligature the SA node cannot be separated from the AV
node by first stannous ligature. Ventricle however can
be separated from the atrium by the second Stannius
ligature (Fig. 30.1).

Conduction Over Atrial Muscle

Cardiacimpulse originated at the SA node is transmitted
over both the atria like concentric waves and thus
the P wave is produced in ECG (electrocardiogram).
The spread of electrical impulse through the SA node
is very slow (0.05 m per sec) but the same through
the junctional tissues that connect the node to the
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Fig. 30.1: Diagram showing the location of first and second
stannius ligatures in the frog heart
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Fig. 30.2: Diagrammatic representation of atrial activation
showing the transmission of impulse

atrial musculature or to the AV node is higher (1 m
per sec).

* The impulses from the SA node are transmitted
directly to the AV nodes through the internodal atrial
bundle (Fig. 30.2).
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* Thereis also a considerable delay of 0.07 to 0.1 sec in
transmission of impulse in the AV node before
excitation spreads over the ventricle. This AV nodal
delay allows the atrial systole to complete before the
ventricle is excited.

* This delay is observed maximally at the junctional
region between the atrium and atrioventricular node.
The conduction velocity of impulse at this region is
approximately 0.05 m per sec. The delay is however
minimised by sympathetic activity and the same is
increased by vagal stimulation.

* Besides nodal delay in the AV node, the impulse is
transmitted through this region in one direction only
because if the ventricle is stimulated, the impulse fails
to reach the AV nodal region in retrograde fashion.

Conduction Over Bundle of His and the Right
and Left Bundie Branches

Beyond the atrioventricular region, the impulse is
transmitted along the bundle branch at a higher velocity
(4-5 m per sec). The impulse from the bundle of His
passes quickly through the right and left bundle
branches and ultimately reaches the Purkinje fibres and
ventricular muscle fibres as well.

Conduction through Purkinje Systems

The impulse, after passing through the right and left
bundle branches, passes into the Purkinje fibres and
alsoits multiple ramifications within the subendocardial
surfaces of both ventricles. The impulse then travels
from the endocardium to the epicardium of ventricular
muscle perpendicularly.

Conduction through Ventricular Muscle

In humanbeings, the mid-portion of the interventricular
septum is activated normally in a left to right direction.
So, the depolarisation of the ventricular muscle begins
at the left side of the interventricular septum because
the Purkinje fibres arise more proximally from the left
bundle branch than from the right bundle branch and
activates the left side of the septum initially. After mid-
septal activation from the left to the right direction
(Fig. 30.3), the impulse comes down the septum to the
apex of the heart and next portions of myocardium that
isactivated is the anteroseptal region of the ventricular
myocardium (Fig. 30.4). The impulse then proceeds to
basal portion of the heart.

HEART BLOCK

Defective production of the sino-atrial impulse or its

conduction in the heart is called heart block. There may

be four main types according to site of damage.

1. Sinoatrial nodal block: The SA node may fail to
generate the impulse occasionally, so that the whole
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Fig. 30.4: Late activation of posterobasal region of left
ventricle, uppermost region of interventricular septum and
pulmonic conus

heart misses one beat. This is called sinoatrial nodal
block.

2. Atrioventricular nodal block: The impulse may be
normally generated but its transmission into the
ventricles is faulty. The defectlies in the AV node or
in the mainbundlebefore division or in both. This is
called atrioventricular nodal block.

This may be of three grades: (a) The impulse is
transmitted but is merely delayed. The P-R interval
in ECG is prolonged. (b) The impulse occasionally
fails to reach the ventricles, so that the atria contract
but the ventricles do not. This type of block is often
found to have some regular rhythm, viz. every 2nd
or 3rd or 4th impulse is conducted. So that for every
two or three or four atrial beats there will be one
ventricular beat. In this way 2:1, 3:1, 4:1, etc. block is
produced. (c) The sino-atrial impulse does not reach
the ventricles at all, so that atria and ventricles
dissociate and beat at their own rhythms—atria at
the rate of 60, ventricles about 36 per minute. The
pulse rate at ventricular rhythm will be 36 per
minute. This is called idioventricular rhythm.
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The first two grades are often called incomplete =~ EXAM-ORIENTED QUESTIONS

heart block; the third grade complete heart block. Essay
-+ Bundle branch block: One branch of the bundle may 1. Discuss the physiological functioning of initiation and

be defective producing either right or left bundle " eoread of carsliayc im %Ise &
branch block. The ventricle on the normal side will P puise.
contract a little earlier than the other one producing  ghort Notes
reduplication of the first sound. The QRS duration
is prolonged.
. Fascicular block: The block in theanterior or posterior 2

fascicles of left bundle branch produces hemi block 3. Complete heart block
which is called fascicular block. 4. Fascicular block

. Heart block
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. Atrioventricular nodal block




INTRODUCTION

The properties present in other muscle are also shown
by the cardiac muscle.

Cardiac muscle tissue consists interlocking cardiac
muscle cells, or fibres, which impart cardiac muscle and
its properties. The cardiac muscle fibres are striated and
consist of a single nucleus. The light and dark bands
are observed under the microscope. The dark bands
are the thick protein filaments made of myosin proteins
and thin filaments are made of actin protein. The
myosin of cardiac muscle is a hexamer consisting of
two myosin heavy chains (MHC), each associated with
two myosin light chains (MLC). In cardiac muscles,
there are multiple isoforms in each subunit, and is a
determinant of force-generating ability of cardiac
myosin by modulating cross-bridge kinetics producing
contraction.

Cardiac muscle exhibits certain special features.
The properties of cardiac muscle are rhythmicity,
excitability, conductivity, contractility, all-or-none
response, staircase phenomenon, refractory period,
tonicity and functional syncytium. They are briefly
summarised below.

1. Rhythmicity
The cardiac muscle has its own rhythmicity. The cardiac
muscles are self excitable.

One of the main characteristic features of the cardiac
muscle is that it can initiate its own impulse
rhythmically. They undergo contraction on excitability.
This inherent rhythmical property is present
throughout the cardiac muscle and is evident from the
SA node (Fig. 31.1), AV node, atrial muscle, Purkinje
fibre and from damaged the ventricular muscle fibre.

The rate of rhythmicity in the SA node is 70 to 80 per
minute, in AV node 40 to 60 per minute, in atrium 60
per minute, in ventricle 20 to 40 per minute. Due to
higher rhythmical property of the SA node, it controls
the rest of cardiac muscle and thus heartbeats at the
rhythm of the SA node. When the SA node fails, the
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Fig. 31.1: Transmembrane action potential recorded from
the single fibre of the SA node

AV node takes the charge and if it fails, the atrium and
afterwards ventricle take the charge of maintaining
heartbeat.

2. Excitability

On excitability the cardiac muscle generates action
potential.

Cardiac Action Potentials

The cardiac muscles exhibit two types of action potentials,
these are fast action potentials (Fig. 31.2) and occur in
atrial and ventricular muscles and Purkinje fibres while
slow response action potential occurs in sino-atrial node
and atrioventricular (AV) node (Fig. 31.3). Cardiac
action potential of atrial and ventricular muscles and
Purkinje fibres has a true resting potential, a fast
depolarization phase, and a prolonged plateau phase.

The ionic conductance (Fig. 31.2) which are responsible
for various phases are as below:

Phase 0: Rapid depolarization and overshoot: The
hundred-fold opening of voltage-gated sodium
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channels increases the influx of Na* ions. And this
occurs when membrane potential is -60 mV. The
opened sodium channel further activates the opening
of the other voltage-gated sodium channels by process
of auto-activation. This is short-lived and accompanied
with marked increase in Ca** permeability at -30 to
—40 mV. The membrane potential reaches to peak at
+20 to + 30 mV with positivity inside the cell.

Phase 1: Initial rapid repolarization: Decreased Na* and
increased K* conductance. There is inactivation of the
fast Na* channels. The sodium influx ceases. The
outward transient rectifying K* channels opens leading
to efflux of potassium ions.

Phase 2: Plateau phase: The increased Ca** conductance
due to slow and prolonged opening of calcium channel
leads to plateau phase. There is efflux of potassium ions
through the slow delayed rectifier K* channel. The
influx of calcium into the cell is balanced by the efflux
of potassium to the exterior of the cell, resulting in the
plateau in action potential graph recording.

Phase 4: Resting potential: It denotes the membrane
potential when the cell is not being stimulated. This
phase is observed as a horizontal line in non-nodal
tissue action potential. This phase is produced due to
increased K* and decreased Na* and Ca** conductance.
The opening of the inward rectifying K* channels
restores membrane permeability to potassiumions and
thereby reinstating resting membrane potential.

Pacemaker Action Potential

Phase 0: It occurs due to opening of T-type voltage-
gated calcium channel (transient low voltage activated
calcium channel) which further activates opening of L-
type voltage-gated calcium channels and the depolari-
zation produce is due to influx of calcium. This phase
is less steep.

Phase 1 and phase 2 are absent innodal action potential.

Phase 3: Repolarization: The voltage-gated potassium
channel opens leading to increased potassium efflux
while calcium channel closes down.

Phase 4: Diastolic depolarization: The early part of this
phase is due to decreased potassium conductance as
the potassium channels close. The opening of the
transient low voltage calcium channel contributes
towards development of diastolic depolarization.

The spontaneous diastolic depolarization after every
action potential phase is responsible for automaticity
of SA node. The diastolic membrane potential (resting
potential) which depolarizes forms the prepotential.
This prepotential which triggers action potential is the
pacemaker potential.

Effect of sympathetic and parasympathetic stimulation
and role of drugs on nodal action potential

1. Sympathetic influence on pacemaker potential: Any
activity which will produce activation of sympathetic
system releases norepinephrine and also increases
calcium ion permeability in cardiac muscle fibres due
to opening of voltage-gated L-type calcium channel.
This increases the cardiac muscle excitability by the
increaserate of conduction of impulse eventually leading
to increased contractibility of cardiac muscles.

2. Parasympathetic activity releases acetylcholine. This
acetylcholine binds to M2 muscarinic receptors, and
via the G protein, produces opening of potassium
channels. The increases potassium efflux, which
hyperpolarizes the cell. This hyperpolarization
decreases the firing rate of SA node and there by
decreases the heart rate and rate of transmission of
cardiac impulse.

Phase 3: Repolarization: This phase is produced due to
increased K* and decreased Ca*™* conductance. The closure
of L-type Ca?* channels prevents calcium influx. The
outward rectifying K* channels open increasing potassium
permeability and more potassium moves outside.
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3. Drugs

a. Calcium-channel blockers reduce the slope of phase
4, decreases therate of spontaneous depolarization,
thus decreasing the rate of pacemaker firing.
These drugs also decrease the slope of phase 0,
thus slowing the conduction velocity within the
AV node.

b. Potassium-channel blockers: They mainly delay
phase 3 of the repolarization thus lengthening
the duration of action potential.

3. Conduction

The impulse originated at the SA node spreads over
the atria and reaches the AV node through the
internodal fibres. The AV node transmits the impulse
through the bundle of His and its branches to the
ventricles. From the apex of the heart through the
Purkinje fibres the impulse is conducted to the base.
Conduction in the bundle of His and the Purkinje fibres
is 1 metre per second, still less in the ventricular muscles
0.4 metre per second and least in the SA node 0.05 metre
per second and AV node 0.1 metre per second.

4, Contraction

Like other muscles, the cardiac muscle is excitable by
adequate stimuli and responds by contraction. The
fundamental contractile unit of the cardiac muscle is
myofibril which contains the protein units, actin and
myosin. During contraction these two units are
associated in presence of ATP and thus the fibre is
shortened, but during rest these are dissociated again
with the re-synthesis of ATP. Myosin itself is an enzyme
‘ATPase’ capable of dephosphorylation of ATP. Ca**
ion activates the ATPase activity-favouring prompt
association of actin-myosin and ADP complex. Excess
calcium always keeps the muscle unit in contracting
state (calcium rigor) due to association of more
contractile units. K* ions do not favour association of
actin and myosin. So if excess K* is added in the
extracellular fluid then the heart muscle gradually stops
in diastole.

5. All-or-none Response

If a quiescent heart muscle is stimulated at widely
spaced electrical shocks of increasing strength then
muscle contracts as a whole only when the threshold
strength is reached. But there was no such increasing
amplitude of contraction with increasing intensities of
stimulation. This was observed by Bowditch (1871).
Single skeletal muscle fibre behaves like this but if the
entire muscle is stimulated with graded intensities of
stimuli then graded responses are encountered.

Thus, to conclude the muscle does not respond to
sub-threshold stimuli and when strength of stimuli is
up to threshold, it contracts maximally.

Human Physiology

6. Staircase Phenomenon

In a stannius preparation if the ventricular muscle is stimu-
lated with inducted current, the first few contractions
gradually increase in size and then it becomes steady.
This is known as treppe or staircase phenomenon.

Key Points

a. This staircase phenomenon is only observed in
quiescent heart but not in active normal heart.
Bowditch (1871) has described that contractions of
ventricular muscle following a stoppage are weaker,
but the heart regains its full strength gradually in
the subsequent contractions, which on the record
form a kind of staircase. In other words, every
contraction leaves a condition more favourable than
it found, but this favourable condition deteriorates
in time.

b. This favourable condition following a contraction is
known as beneficial effect and is due to increase
calcium ion availability and increased temperature;
while visco-elastic properties or the accumulation of
metabolic products have got a little role on the
staircase phenomena.

7. Refractory Period

This is another characteristic property of the heart
muscle. The refractory period of the heart is long and
can be divided into three parts:

a. Absolute refractory period: This period extends
throughout the whole period of contraction. Any
stimulus, however strong, will fail to elicit a response
if it falls within this period. For this reason, heart
muscle cannot be tetanised. This long refractory
period ensures enough time for recovery of the
cardiac muscle. This is the reason why cardiac muscle
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a single ventricular muscle fibre following excitation



Properties of Cardiac Muscle

Table 31.1: Different properties of cardiac muscle fibres

Fibres Size of fibre Glycogen content Rate of conduction  Length of systole Rhythmicity
(metre) (refractory period)
SA nodal Fine Present 0.05 per sec Highest Highest
AV nodal More or less Present 0.1 per sec Lower than SA node  Lower than SA node
similar to SA node
Atrial Broader than Higher than 1.0 per sec Lower than Lower than
ventricular ventricular ventricular ventricular
Ventricular Broader Higher than nodal 0.4 per sec Lower than nodal Lower than nodal
Purkinje Broadest Same as that of atrial 1.0 per sec Same as that of atrial ~ Same as that of atrial

cannot be fatigued. This period coincides the period
from the onset of depolarisation phase to the repolari-
sation up to the threshold potential (Fig. 31.4).

b. Relative refractory period: This starts immediately after
the absolute refractory period and involves the first
part of relaxation. Only a very strong stimulus will
be effective. This period begins when the transmem-
brane potential during repolarisation phase has just
reached the threshold potential (-60 mV) and ends
just before the repolarisation phase is ceased.

c. Supernormal period: There is another type of refractory
period observed after the relative refractory period
which is known as supernormal period. This period
is limited from the point of termination of
repolarisation to the beginning of slow diastolic
repolarisation phase.

The refractory period is longest in the AV node,
intermediate in the ventricles and least in the atria.
Drugs like digitalis and quinidine prolong the absolute
refractory period. Stimulation of the vagus reduces the
systole and as such, diminishes the refractory period.
The length of the refractory period is directly
proportional to the duration of systole and inversely
to that of the diastole of the heart. Hence, it will depend
upon the heart rate. For rates up to 100 per minute, the
absolute refractory period is about 0.2 second.

8. Tone

Heart muscle possesses tone. This tone is independent
of nerves and can be adjusted. In this way, it can
maintain a fairly constant tension upon its varying
contents.

It has been observed that the different properties of
cardiac muscles (Table 31.1) are not developed in all
the tissues of heart in the same order. Certain properties
have developed specially in certain tissues while others

are not. It is also seen that these functions are related to
the size and chemical composition of the muscle cells.
Hence, cardiac muscle can be divided into four groups:
1. The smallest fibres with least glycogen at the
nodes.
2. The broader fibres with more glycogen in the
ventricles.
3. The still broader fibres with more glycogen in
the atria.
4. The broadest fibres with abundant glycogen in
the Purkinje fibres,bundle of His and its branches.
As the size of the fibres increases, the rate of
conduction and the glycogen content also increase. But
the duration of systole, the refractory period and the
rhythmicity increase in the reverse order.

9. Functional Syncytium

The individual muscle fibres of heart are interconnected
via gap junction and electrical potential can spread
through the cardiac muscle easily without any
resistance. Thereby cardiac muscle acts as a functional
syncytium unit.

EXAM-ORIENTED QUESTIONS
Essay

1. Discuss the properties of cardiac muscle.
2. Describe the effect of sympathetic and parasympathetic
stimulation and role of drugs on nodal action potential.

Short Notes

1. Rhythmicity

Conductivity

Refractory period
All-or-none law

Excitability of cardiac muscle
Tone of cardiac muscle
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INTRODUCTION

Changes that occur in the heart during one beat are
repeated in the same order in the next beat. This cyclical
repetition of the various changes in heart, from beat to
beat, is called cardiac cycle.

Cardiac Cycle Time

This is the time required for one complete cardiac cycle.
With the normal heart rate of 75 per minute, this time
will be 60/75 = 0.8 second. It means that every event in
the cycle will be repeated at the interval of 0.8 second.
It is obvious that the cardiac cycle time will be inversely
proportional to the heart rate.

Interrelations of the Various Events in
the Cardiac Cycle

In the cardiac cycle there are four main events:
1. Atrial systole
2. Atrial diastole
3. Ventricular systole
4. Ventricular diastole.
All the other changes are subsidiary to them.

Atrial systole: Atrial systole initiates the cycle, because
the pacemaker SA node is situated in it. It lasts for 0.1
seccond, and is followed by atrial diastole, lasting for
0.7 second. At the end of diastole, the atrial systole
returns, and in this way, the atrial cycle goes on (total
duration 0.8 second).

Atrial diastole: Atrial systole is followed by atrial
diastole and its duration is 0.7 sec.

Ventricular systole: At the end of atrial systole, ventri-
cular systole starts and its duration is 0.3 second.

Ventricular diastole: This is immediately followed
by ventricular diastole and its duration is 0.5 second.
Attheend of diastole, ventricular systole repeatsand thus
the ventricular cyclegoes on (total duration 0.8 second).

In order to follow the march of events during the
cardiac cycle and their interrelations, Fig. 32.1 should
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Fig. 32.1: Sequence of events during cardiac cycle

be carefully studied. In it, there are two concentric rings,
divided into eight equal parts. The whole circle
represents one complete cardiac cycle, so that each of
its eight divisions represents 0.1 second.

The Inner Ring Represents the Atrial Events and the
Quter Ring Represents Ventricular Events

Let us follow inner ring first

e Atrial systole: The one shaded division in it denotes
atrial systole (0.1 second). During this period the atria
contract and expel their contents into the respective
ventricles. The left atrium, being further away from
the SA node, contracts a little after the right atrium.
But practically their contractions are simultaneous.
The force of contraction is stronger in the first half
than in the second. Because during first half or at
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Fig. 32.2: Heart, during atrial systole. Atria shorten, AVV—
open, SLV—closed

initial stage the intra-atrial pressure remains high and
during last half the same is decreased due to
expulsion of blood to the ventricle (Fig. 32.2).

* Atrial diastole: After atrial systole, comes its atrial
diastole (0.7 second) being represented by seven
unshaded divisions in the ring. During this period
the atria relax and receive blood from the great
veins—the right atrium from the venae cavae, the
left atrium from the pulmonary veins. At the end of
this period, the atrial systole comes again and in this
way, the atrial events go on.

Let us now follow the Ventricular Events in the
Outer Ring

There are three shaded divisions on it, representing

ventricular systole (0.3 second). It is followed by five

unshaded divisions, indicating ventricular diastole

(0.5 second).

* Ventricular systole: On comparing the two rings, it
would be found that ventricular systole commences
at the end of atrial systole. The reason for this is very
clear. The impulse originating at the SA node will
certainly overtake the atrium first, and then it will
travel down the junctional tissues, enter the
ventricles and stimulate their contraction. Naturally
then, ventricular systole will always come after atrial
systole.*

From these interrelations we can deduce one
fundamental rule of cardiac action that the systoles of
atrium and ventricle will never overlap. In other words,
when one chamber is contracting, the other must be
relaxing.

1. Atthe onset of ventricular systole, the first sound
occurs. It is caused by the sudden closure of the
AV valves due to sharp rise of intraventricular
pressure.

2. The semilunar valves open a little later, because,
until the intraventricular pressure goes above
that in the aorta and pulmonary artery, the
semilunar valves will not open. Thus, at the
beginning of ventricular systole, there is a brief
period during which both the valves are closed
and the ventricles are contracting as closed
cavities (Fig. 32.3). No blood passes out and
therefore, no shortening of the cardiac muscle
will occur. Hence, this period is called isometric
contraction period (0.05 second). It is marked at
the onset by the closure of the AV valves (e.g.
the first sound) and at the termination by the
opening of the semilunar valves.

3. At the end of this period, the semilunar valves
open and the ejection period starts (0.25 second).
During this period, blood is expelled from the
ventricles—from the left ventricle into the
systemic aorta, from the right into the pulmonary
trunk. In the first part of this period (0.11 second)
the outflow is very rapid. Hence, it is known as
the maximum ejection period (Fig. 32.4). In the
last part (0.14 second) the rate of outflow slows
down. Hence, it is called the reduced ejection
period (Fig. 32.5). Here, the ventricular systole
ends and diastole begins.

Let us follow the Outer Ring Further

It will be seen that after the three shaded divisions, come
the five clear divisions—representing the duration of
ventricular diastole (0.5 second).

* Ventricular diastole: As soon as ventricles relax, the
intraventricular pressure starts falling. The blood
columns in the aorta and pulmonary trunk try toroll
back towards ventricles but are stopped by the sharp
closure of the semilunar valves. This produces the
second sound of heart. Thus, the onset of ventricular
systole is marked by the first sound and its
termination by the second sound (approximately).

Key Points

On comparing the two rings, it will be seen that the
last one division (0.1 second) of ventricular diastole is
overlapped by atrial systole. In other words, when atria
are contracting, the ventricles are still in diastole and
are having the last part of their filling. It will be seen
further that the first four divisions of ventricular
diastole coincide with the corresponding four divisions
of the atrial diastole. From this we can come to another

*The time relations are so adjusted that the atrioventricular conduction time of the impulse (P-R interval of electrocardiogram) is a little longer
(0.16 second) than the duration of atrial systole (0.1 second). This explains why ventricular systole must always come after atrial systole

normally.
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fundamental rule of cardiac action that—the diastole
of the two chambers will always partly overlap. In
the left half of the unshaded division will be found
(Fig. 32.1). In other words, both the chambers are in
diastole here. This is called the diastole of the whole
heart (0.4 second).

Let us Again follow the Ventricular Diastole on
the Outer Ring

1. As mentioned above, the second sound occurs at the
end of ventricular systole. But this statement is not
exact, because, till the falling of intraventricular
pressure goes below the intra-aortic pressure, the
semilunar valves will not close. Consequently, there
will be a short interval between the onset of diastole
and the closure of the semilunar valves (i.e. the

Fig. 32.3: Heart, during isometric contraction phase. Afria second sound). This period is called the protodiastolic

relaxing. Both valves closed. No shortening of ventricles period (0.04 second). From this it is clear that the
second sound does not occur just at the end of

ventricular systole but a little afterwards (i.e. after
the protodiastolic period).

2. Although the semilunar valves have closed, yet the
AV valves are still not open. Because, the falling
intraventricular pressure takes a little time to go
below that of the atria, so that the AV valves may
open. Consequently, there will be a brief interval
during which both the valves remain closed and
ventricles are relaxing as closed cavities. Since no
blood enters the ventricles there will be no
lengthening of cardiac muscle fibres. Owing to this,
itis called the isometric relaxation period (0.08 second

————

S—— ———

Fig. 32.6).
/ 3. At the end of isometric relaxation period, the AV
= ' '}/ valves open. Blood rushes into the ventricles and
R N ventricular filling begins. The first part of this period
Fig. 32.4: Heart, during maximum ejection period. AVV— isknown as the first rapid filling phase (0.113 second).
closed. SLV—open. Atria relaxing. Ventricles shortening Because, as soon as the AV valves open, blood

Fig. 32.6: Heart, during isometric relaxation period. Both
Fig. 32.5: Heart, during reduced ejection period. AVYW—  valves closed.Ventricles relaxing. No blood entering, hence
closed, i.e.SLV—open. Atria—full. Ventricles much shortening no lengthening of ventricles
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accumulating so long in the atria, rushes into the
ventricles. The steep fall of the intraventricular
pressure during the isometric relaxation period,
make the inflow all the more intense. Although the
duration is brief yet the largest part of ventricular
filling takes place during it. Due to rapid rush of
blood asound is produced, known as the third sound
of heart (Fig. 32.7).

. In the next phase of ventricular diastole, the rate of
filling slows down. The ventricles are already full to
a large extent and ventricular pressure slowly rises.
Consequently, the rate of inflow from the atria will
be gradually slower. This period is called diastasis
or slow inflow phase (0.167 second). Although this
is the longest phase of ventricular diastole, yet the
amount of filling during this period is minimum. If

Fig. 32.7: Heart, during first rapid filing phase. AvV—open.
Blood rushing into the ventricles relaxing and lengthening.
SLV—closed

Fig. 32.8: Heart, during diastasis. AvV—floating in neutral
position. SLV—closed. Both atira and ventricles filled up

one looks into the heart (Fig. 32.8) during this time,
one will find that, the whole atrioventricular canal
contains a continuous column of blood, more or less
stagnant, in which the cusps of the AV valves are
passively floating.

5. After this period comes the last part of ventricular
diastole represented by the last unshaded division
on the outer ring. It is obvious that this phase
corresponds with atrial systole. Due to atiral
contraction, blood rushes into the ventricles and
ventricular filling again becomes rapid. This phase—
the last rapid filling phase (0.1 second) is responsible
for the last part of ventricular filling. Due to rapid
rush of blood, again a sound is produced—known
as the fourth sound of heart. Thus, the onset of filling
period is marked by the third sound and its
termination by the fourth sound. Here the ventricular
diastole ends. They are completely filled up, the
impulse from the SA node arrives in the mean time
and the ventricles plunge into systole again. Thus,
the cycle goes on.

Summary of the Sequence of Events in
Cardiac Cycle

1. The atrial systole is the first event (0.1 second). It
initiates the cardiac cycle, because the pacemaker SA
node is situated here. Due to higher atrial pressure,
the first half of atrial systole is stronger than that of
the last half.

2. After systole comes the atrial diastole (0.7 second).
These two alternately follow each other and
constitute the atrial cycle (0.8 second).

3. Just after the atrial systole, the ventricular systole
(0.3 second) begins and is immediately followed by
its diastole (0.5 second). These two events repeat
alternately and make up the ventricular cycle (0.8
second).

4. At the onset of ventricular systole, the AV valves
close producing the first sound. The semilunar
valves open a little later. The interval between the
closing of the AV valves and opening of the
semilunar valves is called the isometric contraction
period (0.05 second). During this period ventricles
contract as closed cavities and intraventricular
pressure steeply rises.

5. At the beginning of ventricular diastole, the
semilunar valves close producing the second sound.
There is a brief interval between the beginning of
diastole and the closure of the semilunar valves—
known as protodiastolic period (0.04 second). So that,
second sound occurs actually after this period.

6. The AV valves open a little after the closing of the
semilunar valves. The interval between these two is
called the isometric relaxation period (0.08 second).
During this period ventricle relax as closed cavities
and intraventricular pressure steeply falls.
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Fig. 32.9: The interpretations of important events of the cardiac cycle. Condition of heart corresponding to each important
phase is shown

7. At the end of this period, the intraventricular Table 32.1: Cardiac event with their time relation

pressure goes below that of the atria and the AV Cardiac event Duration
valves open. Atrial blood rushes into the ventricles—

producing the third sound. Here, ventricular filling * Atrial events

begins. — Atrial systole 0 sz
o The first part of filling is very rapid, being known R pha:e 0.05 second
as the first rapid filling phase (0.113 second). The (Sat ”SZO hpressure) 005 ;
maximum filling takes place during this brief © oecond phase -05 secon
period. (at fall of pressure)
¢ The intermediate part of filling is very slow and ~ Atrial diastole 0.7 second
Total 0.8 second

is known as diastasis or slow inflow phase.
Although this is the longest phase (0.167 second), * Ventricular events

yet the amount of filling is minimum. - Ventircular systole 0.3 second
e The last part of diastole corresponds with atrial o Isometric 0.05 second
systole. Due to active contraction of the atria, contraction period
filling becomes very rapid. This last rapid filling © Maximum ejection  0.11 second
phase (0.1 second) is responsible for the last part period
of ventricular filling. o Reduced ejection 0.14 second
Due to rapid rush of blood, another sound is Per'Od. '
produced—the so-called fourth sound of heart. Here, Total ejection (0.25 second)

ventricular diastole ends and systole commences again. e

In this way the cycle continues (Fig. 32.9). (Contd.)
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Table 32.1: Cardiac event with their time relation (Contd.)

Cardiac event Duration
— Ventricular diastole 0.5 second
o Protodiastolic period  0.04 second
o lIsometric relaxation 0.08 second

period

o First rapid inflow

o Diastasis or slow
inflow phase

o Last rapid inflow
(atrial systole)
Total ventricular
filling time

0.113 second
0.167 second

0.100 second
(0.38 second)

Total 0.8 second

Time Relations of the Various Events

It has been noted that the cardiac cycle time is inversely
proportional to heart rate. But all the phases of cardiac
cycle do not proportionally vary. The duration of
diastole varies much more than that of systole. For
instance, with a rate of 120 per minute the cardiac cycle
time will be 0.5 second. The systolic period will
be reduced to 0.23 second, and diastolic period to
0.27 second with a rate of 60 per minute the cycle

time is 1 second. Here, the systole will be 0.33 second
and diastole 0.67 second. Thus, when the rate rises from
60 to 120 per minute the systole diminishes only by
0.1 second whereas diastole diminishes by 0.4 second.
In other words, heart rate varies more at the expense
of diastole than that of systole.

Summary of the Time Relations

With 0.8 second, as the cardiac cycle time (heart rate
75 per minute), the time relations of the various events
are given in Table 32.1.

EXAM-ORIENTED QUESTIONS
Essay

1. Discuss the various events of cardiac cycle.
2. Describe the cardiac event with their time relation.

Short Notes

1. Atrial systole

Atrial diastole
Ventricular systole
Ventricular diastole
Isovolumetric contraction
Protodiastolic phase
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INTRODUCTION

After being oriented to the events in cardiac cycle, the
study of pressure and volume changes is important to
understand the physiological functioning of the heart.
The methods by which pressure and volume changes
are studied during cardiac cycle are explained below.

METHODS OF STUDY

Pressure Changes

In animals—optical method of Wiggers: A vertical glass
tube filled with an anticoagulant solution is used as a
cannula. One end of it is introduced into the chamber
whose pressure is to be recorded. The other end of the
cannula is covered with a tense elastic membrane, upon
which a small, mirror is set. A beam of light is so
arranged that it is reflected by the mirror and falls on
moving photographic plate. The pressure changes in
the chamber are transmitted through the solution in
the cannula and moves the mirror. The oscillations of
the reflected beam are recorded on the moving
photographic plate.

In man—(a) Pressure changes in the right atrium and
ventricle have been directly measured in man by
introducing a thin rubber tube into the antecubital vein
and gradually pushing it up through the corresponding
bigger veins into the right atrium and then into the right
ventricle. The pressure changes are transmitted through
this tube and are recorded by suitable apparatus.
(b) From the jugular pulse tracing indirect information
about the pressure changes in the right atrium can also
be obtained.

Volume Changes

In animals, it can be studied by cardiometer (Fig. 33.1).
This is a rounded funnel in which the heart is placed in
such a way that the ventricles remain inside and atria
outside the funnel—the fitting being made airtight
around the atrioventricular groove. When ventricles

Pressure and Volume
Changes during Cardiac Cycle
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Fig. 33.2: Marey’s tambour

contract, pressure in the funnel falls; when it relaxes,
pressure rises. These pressure changes are transmitted
into a tambour (Fig. 33.2) or a piston recorded through
rubber tubings; and are recorded on a moving drum.

With such studies the following facts about the
pressure and volume changes are known.

Intraventricular Pressure Changes

The ventricular curve (Fig. 33.3) is to be carefully
followed. The following pressure changes are found
on it.

Ventricular Systole

1. In the isometric contraction period both valves
remain closed, blood cannot run out and ventricles
forcibly contract upon the locked-up blood. Hence,
intraventricular pressure sharply rises.

2. In the next phase, maximum ejection period comes.
Since blood is running out, pressure should fall in
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Fig. 33.3: Relation between pressure, volume and electrical
changes in heart, aorta and jugular vein during the cardiac
cycle of 0.8 second duration corresponding to heart rate
of 72 per minute

the ventricles. But the force of contraction is stronger
than the rate of outflow; hence intraventricular
pressure continues to rise for a brief while, but at a
much slower rate than before. Gradually, the force
of contraction and the rate of outflow equalise.
Hence, a horizontal plateau is produced at the
summit.

3. In the next phase—the reduced ejection phase—the
force of contraction is much reduced and is
proportionally less than the rate of outflow. Hence,
intraventricular pressure gradually falls.

Ventricular Diastole

1. In the protodiastolic period the pressure continues
to fall as in the previous stage.

2. In the isometric relaxation period the ventricles are
actively relaxing as closed cavities and the intra-
ventricular pressure sharply drops. This continues
until the AV valves open.

3. As soon as the AV valves open atrial blood rushes
into the ventricles. But the rate of relaxation being
more than filling, ventricular pressure continues to
fall slowly to some extent.

4. Then comes the period of diastasis or slow inflow
phase. Ventricles are no more relaxing, blood
accumulates in it and pressure slowly rises.

5. In the last phase—corresponding to atrial systole—
blood is pumped into the ventricles and ventricular
pressureshows a smallbutsudden rise. Then ventricular
systole comes again and the changes repeat.

Intra-atrial Pressure Changes

In the atrial curve (Fig. 33.3) there are three positive

waves 1, 2 and 3, and three negative waves.

1. During atrial systole, intra-atrial pressure rises
causing the first positive wave. In the later part of
systole, the pressure falls because most of the atrial
fibres have started relaxing.

2. During atrial diastole, the atria relax and pressure
should continue to fall. But instead of that, there
occurs a sharp rise causing the second positive wave.
This corresponds to the isometric contraction period
of the ventricles. As soon as ventricles contract, the
AV valves become shut and bulge into the atrial
cavity in a dome-shaped manner. Hence, intra-atrial
pressure suddenly rises.

3. Then the pressure very sharply falls and corresponds
to the maximum ejection period of the ventricles.

This sudden fall is due to the following three reasons

1. Atrial relaxation continues.

2. As the ventricular muscles shorten, the AV ring is
pulled down, so that atrial cavity enlarges.

3. Due toreduction of ventricular volume, mediastinum
pressure falls. Owing to this negative pressure—the
thin-walled atria dilate and atrial pressure falls.

a. Inthelater part of ventricular systole, intra-atrial
pressure slowly rises causing the third positive
wave. This is due to accumulation of blood in
the atria. AV valves remaining closed. This rise
slowly continues until the AV valves open (i.e.
up to the end of isometric relaxation period).

b. During isometric relaxation period, the AV ring
rises up and is an additional cause for pressure
rising. As soon as the AV valves open, atrial
blood rushes into the ventricles, so that atrial
pressure falls. The fall continues till about the
middle of ventricular diastole. Then as ventricles
fill up (diastasis), atrial pressure slowly rises.
After this, atrial systole comes again.

Intra-aortic Pressure Changes (Aortic Curve, Fig. 33.3)

During isometric contraction of the ventricles, a slight
rise of the intra-aortic pressure takes place due to the
bulging-out of the semilunar valves.

With the opening of the SL valve, blood enters the
aorta and aortic pressure smoothly rises and falls—
running parallel to the intraventricular pressure.

The fall of intra-aortic pressure in the reduced
ejection phase is due to three causes:

1. Ventricle is contracting less forcibly than before,
so that a comparatively less amount of blood is
entering the aorta now.




2. More blood is running out into the periphery
than is entering the aorta from the ventricles.

3. Reflex vasodilatation through sino-aortic nerves,
thus reducing the peripheral resistance and
facilitating better ventricular emptying.

a. With the onset of diastole, ventricular
pressure sharply falls causing a backward
flow of the aortic blood towards ventricles.
Owing to this, aortic pressure drops causing
the incisura. It corresponds to the dicrotic
notch of the radial pulse.

b. The blood column is reflected back by the
sudden closure of the semilunar valves, thus
causing a sharp rise in the aortic pressure.
This is the cause of the dicrotic wave on the
radial pulse. After this, aortic pressure shows
a few elastic oscillations (after vibrations)
caused by the recoil of the aortic wall.

c. The aortic pressure then slowly falls due to
the continuous passage of blood to periphery
(propelled by elastic recoil of the vessels). The
fall continues till ventricles contract again.

Jugular Pressure Tracing (Venous Pulse, Fig. 33.3)

The pressure changes in the right jugular vein will give

a good idea as to those in the right atrium, because the

right jugular vein is the direct continuation of the

superior vena cava. It may be studied in a number of
ways:

1. A small metal cup is placed on the vein. The cup
communicates through a rubber tube with Marey’s
tambour (Fig. 33.2) as the vein pulsates pressure
changes take place in the cup and are transmitted to
Marey’s tambour. The recorder of the tambour moves
and the oscillations are recorded on a moving drum.

2. Mackenzie’s polygraph. This is an instrument by
which tracing of jugular pulse and radial pulse can
be obtained simultaneously. This is a very useful
instrument by which the pressure changes as well
as their time-relations can be known.

Since jugular pressure follows the atrial pressure, it
is obvious that jugular pulse will have three positive
waves and three negative waves following those in the
atria. But due to its distance, the waves will come a
little later than the corresponding atrial waves. The
three positive waves are called, 4, ¢, v and three
negatives ones as x, x1, y.

The waves are as follows:

1. The first positive wave-a is due to atrial systole.
As atrial muscles contract, pressure in it rises,
blood in the jugular vein cannot enter the atria,
hence, jugular pressure rises. (It is not due to the
regurgitation of atrial blood into the jugular vein.
As a sleeve of atrial muscles surrounds the
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openings of great veins; so when atria contract,
these sleeves of muscles also contract thus closing
the openings of great veins like a purse string.)

2. Thisis followed by the first negative wave-x. This
is due to the fall of atrial pressure during the
adynamic phase of atrial systole.

3. After this, the second positive wave-c comes
during isometric contraction phase. In this phase
there is bulging of the AV valves into the atrium
causing rise of intra-atrial pressure. The a-c
interval indicates the conduction time of the
bundle of Hisand corresponds to the P-R interval
of the electrocardiogram. (The c wave begins 0.1 sec
before the primary wave of the radial pulse.)

4. x1is the second negative wave after c. It is due to
the corresponding fall of pressure in the atrium.

5. v is the third positive wave, caused by the
gradual filling of the atria and the return of the
AV ring to its original position. The summit of
the v waveindicates the end of ventricular systole.

6. The third negative wave y sets in after the
opening of the AV valves and is caused by the
corresponding fall in the atrial pressure.

Many informations regarding the conditions of heart
in health and disease may be obtained from the jugular
tracing.

Ventricular Volume Changes

The volume changes of the ventricles are to some extent
the reverse of its pressure changes.
The following phases are seen:

1. During atrial systole, ventricular volume
increases due to rapid filling. This rise is maintained
during the isometric contraction phase of the
ventricles, because no blood is going out.

2. As soon as ejection starts, ventricular volume
smoothly and continuously falls up to the end
of systole. In the isometric relaxation period,
volume remains same, because no blood is
entering.

3. In the next phase ventricular filling starts and its
volume rises rapidly corresponding to the first
rapid filling period.

4. After this, during diastasis or slow inflow phase,
ventricular volume very slowly increases (Fig. 33.3).

Heart Sounds

There are two classical sounds of heart, known as the
first and the second sounds. They can be easily detected
with a stethoscope. Two other sounds have also been
described—the third and the fourth, which, though
difficult to detect clinically, are constantly found in
graphic records. The first and the second sounds are

Note: Robert Emerald, Richard L et al., recorded the JVP using a modern method of photoplethysmographic system in 2017.
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close to each other. After the second sound there is a
longer pause. The sequence is like this; first sound —
second sound — pause; first sound — second sound —
pause. Thus, the sounds go on.

Biophysical Principle Underlying the Occurrence of
Sound in the Heart or in the Circulation

In general blood flows, under most circumstances,
through blood vessels in a streamline or in a lamina.
Accordingly streamline flow is silence and must not be
noisy. But under certain condition when this laminar
flow or streamline flow is changed into turbulent flow
then a noise may be produced.

According to Sir Osborne Reynolds (1890), turbulent
flow is noisy and this turbulence depends upon the
critical velocity. It is the velocity at which the turbulence
occurs. Reynolds has shown that the critical velocity
depends upon the viscosity of blood, density of blood
and also on the radius of the blood vessels, by the
relation V. = (K ), where V_ = critical velocity, K =
Reynolds number which is constant about 1,000, | =
viscosity of blood, p = density of blood and y = radius
of the tube (Fig. 33.4).

Cause of Heart Sound

The cause of heart sound is due to (a) vibration of the
leaves of the valves during closure and (b) occurrence
of turbulence during rapid rush of blood from the
atrium to the ventricle. During gradual closure of
valves, the vibrations that occur are transmitted from
the valvular area towards the apices of the ventricles
in case of first heart sound and along the arteries (aortic
and pulmonary) in case of second heart sound.
1. So, the first and second heart sounds are not
necessarily due to cause of turbulence but for the
cause of closure of the tricuspid and mitral valves in
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Fig. 33.4: Graphical tracing of laminar flow and furbulent
flow in the tube

case of first heart sound; and aortic and pulmonary
valves for the second heart sound.

2. The third heart sound occurs during opening of
atrioventricular valve and where the rushing of
blood through the narrow opening, produces
turbulence.

3. The fourth heart sound is due to rapid rushing of
blood from the atria to the ventricles due to forceful
contraction of the atria.

Murmurs: However in the heart and in blood vessels
abnormal sounds which are generally heard due to
abnormally high velocity of blood flow through the
valves and blood vessels. These abnormal sounds
(murmurs) are mostly associated with the occurrence
of turbulence. In mitral stenosis or in coarctation of
aorta, murmurs are always associated with the
occurrence of turbulence, because during such
occurrence, the blood flow reaches its critical velocity
during flowing of blood through the narrowed lumen
of the valves and blood vessels. Besides this, during
heavy exercise innocent systolic murmurs are heard in
normal individual due to rapid rush of blood from the
ventricles to the arteries at midsystole.

Methods of Study

Clinical stethoscope is the commonest instrument,

used for detecting and demonstrating heart sounds.

For more accurate work, a microphone is applied to

the precordium and is suitably connected to an

oscillograph. It is also connected with a mirror
arrangement which reflects a beam of light ona moving
photographic plate. Thus, the sounds can by graphically

recorded (Fig. 33.5).

1. The first heart sound is manifested by a prominent
set of vibrations. It occurs during the ventricular
systole and isnoted justbefore the onset of the c wave
of the jugular pulse.

2. The second heart sound is manifested by a set of
vibrations not as prominent as the previous one and
occurs during the ventricular diastole and coincides
with the notch on the ascending limb of the v wave
of the jugular pulse.

| |

Fig. 33.5: Graphical records of heart sound




3. The third heart sound is manifested by a small set of
vibrations and coincides with the end of the
descending limb of the v wave of the jugular pulse.

4. The fourth heart sound is manifested by another set
of vibrations which occurs during the atrial systole
and coincides with the a wave of the jugular pulse.
The sounds are briefly described below.

First Heart Sound
It occurs at the onset of ventricular systole.

Nature: Dull and prolonged, like the word L-U-B-B
(Fig. 33.6).

Duration: 0.1-0.17 sec (average, half the ejection period).

Clinical identification: It can be identified by the
following features: Its nature, it is best heard over the
left fifth intercostal space about 1.27 cm (half an inch)
inside the mid-clavicular line. It coincides with the apex
beat and with the commencement of the carotid pulse.
It comes just after the pause and just before the radial
pulse. It coincides with the spike of the R wave of the
electrocardiogram. It precedes the onset of the c wave
of the jugular pulse.

Cause: First sound is caused due to:

* Sudden closure of the AV valves and the vibrations
set up in the valve leaflets due to increase in the
intraventricular pressure.

e Contraction of the thick ventricular muscles
(muscular element). Itis doubtful whether the second
factor takes any appreciable part. In graphic records
often two distinct groups of vibrations are seen. The
first group corresponds to the isometric contraction
period and the second group to the maximum
ejection period. The latter suggests that aortic
vibrations, due to entry of blood, take partin causing
the prolonged character of the first sound. The
frequency of vibration varies from 25 to 45 per second

Significance: First sound indicates the onset of clinical
systole of the ventricles.

The duration and the intensity of the first sound
indicate the condition of the myocardium. In a strong
healthy heart these features are prominent and become
more so in a hypertrophied heart. If the myocardium

DUP DUP
L-U-B-B | L-U-B-B
[l
First Second First Secorg
| sound scl>|und | Isound sounld
Ventricular Ventricular Ventricular
systole diastole systole

Fig. 33.6: Heart sounds (schematic representation)
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is weak, the first sound will be short and low pitched.
A clear first sound indicates that the AV valves is
properly closing, i.e. there is no incompetence.

Second Heart Sound

Nature: Short and sharp like the word DUP, the pitch
being higher and duration shorter than the first sound
(Fig. 33.6).

Duration: 0.1-0.14 second.

Causes: It occurs at the onset of diastole and is caused
by the sudden enclosure of the semilunar valves in the
aorta and pulmonary artery and just after the T wave
of the ECG. At the end of systole, ventricular pressure
falls below the pressure of the aorta and the pulmonary
arteries causing a much pressure difference in between
the aortic or pulmonary arteries and the ventricles. This
increased pressure in aorta and pulmonary arteries
artery tends to close up the valves through a backflow.
The two valves—aortic and pulmonary, do not close
simultaneously. During inspiration but not in expiration,
the sound is thus split into an aortic component and
later a pulmonary component. Its intensity depends on
the blood pressure. It consists of three or four chief
vibrations with a frequency of about 50 per second.

Significance: It indicates the end of systole and
beginning of diastole. Its pitch is directly proportional
to the blood pressure. A clear second sound indicates
that the semilunar valves are closing properly, i.e. there
is no regurgitation. The interval between first and
second sounds is taken as the clinical systole and that
between the second and first as the diastolic period of
heart. The diastolic period, generally known as the
pause, is a little longer than the systolic period. When
the heart rate rises, the long pause shortens and the
sounds appear to be equidistant.

Third Heart Sound

Nature: It takes place just after the second sound and
coincides with the opening of the AV valves, i.e. with
the commencement of the ventricular filling.

Duration: About 0.04 second.

Causes: It is caused by the sudden rush of atrial blood
into the ventricles when the AV valves open. Although
itis stated that it can be detected in 60% of normal subjects
yet, in actual practice, it is difficult to detect clinically.

Significance: It indicates the beginning of the ventricular
filling.

Fourth Heart Sound

It is also called the atrial sound.

Causes:It is caused by the contraction of the atria and the
consequent rush of blood into the ventricles. It is difficult
to detect clinically but is found in the graphic records. It
coincides with the rise of a wave of the venous pulse.
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COMPOSITE REPRESENTATION OF THE
SEQUENTIAL CHANGES IN THE PRESSURE AND
VOLUME EVENTS IN THE HEART AND BLOOD
VESSELS DURING THE CARDIAC CYCLE
CORRELATING WITH PHONOCARDIOGRAM AND
ELECTROCARDIOGRAM (Fig. 33.7)

Significance: It occurs just before the first sound and
indicates the end of ventricular filling.

It should be noted that each of the above sounds is
really produced at two places—for instance, the first
sound is produced at both the AV valves, the second
sound at both the semilunar valves (aortic and
pulmonary) and so on. Yet only one first sound, one

second sound, etc. is heard. This is due to the fact that
the two sets of valves move exactly at the same time. If
any discrepancy occursin the pressure and time relations
between the different chambers of heart, instead of one
sound, two sounds may be heard at each time. Thus,
reduplication of the sounds occurs in cardiac diseases.
My v v

Pulmonary arterial Il

1. I-II is the ventricular isometric contraction phase.

This phase starts with the closure of atrioventricular
(AV) valve and with the occurrence of the first sound.
In this phase, the ventricle is a closed chamber and
with the contraction of the ventricular muscle, the
intraventricular pressure rises first slowly but at later
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stage, rapidly. Notch cl in the aortic pressure curve
and notch c in the atrial pressure curve—both are
due to the transmission of the intraventricular
pressure through the bulging of semilunar (aortic)
valve and atrioventricular valve respectively.

. II-1II is the ejection phase of the ventricle. At II, the
ventricular pressure overcomes the aortic pressure
and the semilunar valve opens. The blood begins to
flow through the aorta at a higher pressure head.
The ventricular pressure remains at a higher level
throughout this phase. The ventricular volume
begins to decrease with the onset of ventricular
systole. The atrial pressure though remains below
the ventricular pressure head but begins to rise due
to the venous filling.

. [II-IV is the protodiastolic phase. The ventricular
systole ceases and the ventricle begins to relax. At
IV, the ventricular pressure falls below the aortic
pressure and the semilunar valve is closed with the
occurrence of the second sound. The ventricle is
again a closed chamber and relaxes isometrically.
Due to the closure of the semilunar valve, a
depression in the aortic pressure curve is generally
observed. There are multiple oscillations in the aortic
pressure curves which are known as postincisural
vibrations.

. At IV-V, the ventricular pressure curve drops
abruptly and at V it falls below the atrial pressure
and then the blood from the atrium begins to rush
(first rapid filling phase) in the ventricle rapidly. Here
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the third sound is heard. Throughout the diastolic
phase of the ventricle, the atrial pressure remains in
higher pressure head (V-I). The ventricular volume
curve begins to rise and maintains this stage until
the systole begins. The third sound occurs with the
rapid rush of blood in the ventricle.

. At VII-], the atrial systole coincide with the ventricular

diastole and the blood rushes in the ventricle from
the atrium very rapidly and the fourth sound occurs.
a in the atrial pressure curve represents the cessation
of the ventricular diastasis (slow filling) and the onset
of the atrial contraction.

. At I, the atrial systole ceases and the ventricular

systole starts and the cycle is repeated. The ventri-
cular volume begins to decrease with the onset of
the ventricular systole.

EXAM-ORIENTED QUESTIONS
Essay

1.

2.

Describe the pressure and volume changes during cardiac
cycle in atria, ventricle, aorta and jugular veins.
Describe the characteristics, causes and significance of
heart sounds.

Short Notes

1.

First heart sound

2. Second heart sound
3.
4. Jugular venous pressure

Third and fourth heart sounds



INTRODUCTION

It has been discussed earlier that prior to each
contraction, an electrical impulse is generated in the
SA node and thus transmitted to the AV node, bundle
of His, Purkinje fibre, ventricular muscle fibre and lastly
to the surrounding tissue in which the heart is bathed
in. Body is a volume conductor and the heart muscle,
being the electrical generator with two opposite poles
(dipole), is bathed in it (Fig. 34.1). Under this condition,
electrical impulse that is initiated in the cardiac muscle
will be transmitted throughout the body. If suitable
electrodes (leads) are placed on the body opposite to
the heart and connected to a very sensitive galvano-
meter with a recording device, then the electrical
potential can be recorded. The record is known as
electrocardiogram (ECG). The machine by which the
electrocardiogram is recorded is spoken of as electro-
cardiograph.

The currents generated from the different chambers
of heart are not equally transmitted in all directions.
Hence, the record will vary according to parts of the
body from which the action current is led off.
Consequently, to obtain accurate information, several
records from different parts of the body should be
taken.

Methods of Recording Electrocardiogram

Though Waller (1887) first recorded the electrocardio-
gram yet Einthoven (1903) was the real father of the
electrocardiography. His method of recording ECG
through string galvanometer was followed until 1930
when it was largely replaced by the amplifier—driven
oscillograph provided with direct ink recording.
Principles upon which the string galvanometer was
based are as follows: If an electrical current is allowed
to pass through a string suspended in a magnetic field,
then the string will move. In this string galvanometer
there is a thin platinum wire suspended within the
magnetic field created by the south and north poles of
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Electrocardiogram

William Einthoven, observed Waller
demonstrating the use of the capillary
electrometer to record an “electrograph”
of the heart. In 1895, he was able to
detect recognizable waves, which he
labelled“P, Q, R, S, and T.” He formula-
ted the concept of “Einthoven’s triangle”
by mathematically relating the 3 leads
(Lead Il = Lead Il-Lead I). He described
bigeminy, complete heart block,
“P mitrale,” right and left and ventricular
hypertrophy, atrial fibrillation and
flutter, the U wave, and examples of various heart diseases.
The “father of electrocardiography” was honoured with the
Nobel Prize in medicine in 1924.

William Einthoven
1860-1927

the magnets. The string is suspended in such a way
that it can move freely. There is a thorough passage
longitudinally through the two magnetic bars and the
rays of light may be collimated through this passage in
such a way so that it may fall directly over the
photographic screen (Fig. 34.2). The light source is
obstructed by the movement of the galvanometric
string and the nature of impression is also changed
according to the movement. The two free ends of the
string are attached to the body. Electrical impulse that
is initiated from the heart is transmitted all throughout
the body because the body is a volume conductor. So
this impulse will be transmitted through the electrodes
to the string galvanometer which will vibrate in the
magnetic field.

Figure 34.3 depicts the moving coil galvanometer in
which a strong magnetic field is developed between
south and north poles of an electromagnet or strong
permanent magnet. There is a coil of wire whose one
end is suspended from above and the other end is joined
with the wire below the coil. At the middle of the coil
there is an attached mirror which rotates when the coil
rotates. When electrical current makes to pass through
the coil of wire, one side of it moves backward in the
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Depolarised end — — Polarised end

Fig. 34.1: Electrical generator of a dipole in a volume recorder showing current flow (solid lines) and iso-potential lines
(dotted lines)

String Collimator
String shadow

Telescope

Photographic North magnet OL South magnet
paper pole pole

i +

Fig. 34.2: String galvanometer of the electrocardiography

South magnet pole magnetic field and the other side moves forward due
to opposite direction of the current. If a ray of light
is allowed to fall on the mirror as the coil rotates to
/ Coil left or right, the reflected beam of light can be recorded
: on a moving photographic paper. This type of
_ galvanometer requires an amplifier to make
| fL—mmt potential recorded from the surface of body. This
e — type of galvanometer was used in past for electro-
%:j q 0 T > cardiographic studies due to rapidity of recording
R changes (several hundred cycles per second) in
electrical potentials.

LNorTh magnet Present ECG recorders: Newer generation digital

pole and computer based ECG recorder machines area

available today and are in routine use. The direct pen

recorder device is very suitable both clinically and

) experimentally because the nature of wave is

Fig. 34.3: Moving coil galvanometer of the electrocardio- ~ recorded graphically and the wave is visualised on
graph (diagrammatic) the spot.

&

—. From amplifier

Mirror

L ="




Electrocardiogram

Electrocardiographic Leads Used both Clinically
and Experimentally

When electrocardiographic connections are made
between two parts of the body, then this specific
arrangement of each pair of connections is designated
as lead. Figure 34.4 represents the arrangement of
different standard limb leads. The different leads that
are conventionally used:

1. Standard limb leads

2. Chest leads

3. Augmented unipolar limb leads.

Standard Limb Leads (Fig. 34.4)

The action current of the heart is recorded by placing
two electrodes in two different positions in the body.
Such arrangement of lead is called bipolar leads. The
bipolar leads (standard limb leads) which are in
common use are listed in Table 34.1.

According to convention, the combination of the lead
I will be made by connecting the left arm to the positive
pole of the galvanometer and the right arm to the
negative pole of the galvanometer. The combination of
the lead II will be made by connecting the right arm to
the negative pole and the left leg to the positive pole of
the galvanometer. The combination of the lead III will
be made by connecting the left arm to the negative pole
and the left leg to the positive pole of the galvanometer.

Einthoven'’s triangle: It is an equilateral triangle drawn
arbitrarily around the area of the heart (Figs 34.4 and
34.5).

Einthoven’s law: Einthoven'’s law states that if ECG is
recorded through standard limb leads then the sum
total voltage of the QRS (ventricular complex) in leads

Lead |

Right arm

Lead ll

R
.
J:/\j\

QS

Left leg

Fig. 34.4: Bipolar leads—standard limb leads of the
electrocardiogram and general normal recordings from
these leads (schematic representation)

Table 34.1 Bipolar leads (standard limb leads)

Lead Negative terminal Positive terminal
I Right arm Left arm
I Right arm Left leg
1] Left arm Left leg

I and III is equivalent to lead II. If the voltage of QRS
complex in lead Il is + 2 and in lead I is +3, then the
voltage of the same in lead II will be +5. On the other
hand, if the voltage of QRS in any two leads is known
then the other one will be obtained after deducting the
latter from other two (Fig. 34.5).

Normal ECG Recorded in Standard Limb Leads

ECG recorded simultaneously in three leads shows
mostly similar in shape, contour and other feature.
P, R, T waves are positive waves in all the leads. The
voltage of different complexes is different from lead to
lead. For clinical purposes in diagnosis of the
arrhythmia, it does not matter with which leads, the
ECG has been recorded. But for determining the extent
of cardiac damage either in the atria or in the ventricles,
it does matter with which leads the ECG is taken.

Interpretation of Human Electrocardiogram (Fig. 34.6)

It shows the following five consecutive waves; P, Q, R,
S, T. There are two isoelectric periods—the shorter one,
between P and Q; the longer one, between Sand T. P, R
and T are upward deflections, while Q and S are
downward waves. The waves are therefore alternately
up and down. P is of atrial origin, hence called the atrial
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Fig. 34.5: Electrical axis of QRS complex shown by
Einthoven triangle
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complex, while QRS-T being of ventricular origin, and
are collectively known as the ventricular complex. They
are briefly described below.

P wave: This is the first upward deflection. It is a small
but constant wave having a rounded or pointed top. It
is depolarisation wave of the atria and, takes place when
the impulse spreads over the atria and therefore, caused
by the passage of the action over the atria. Its average
duration is about 0.1 sec (same as atrial systole).

Repolarisation wave of the atria is submerged within
the ventricular complex.

The impulse arrives at the AV node, at about the
summit of P.

Normal P indicates that the impulse is originating at
the SA node. It spreads over the atria in the usual
direction. There is no defect of conduction. The strength
of contraction, the mass of atrial musculature and its
nutrition, are normal. If the P is inverted, it indicates
that SA node fails to initiate impulse and the atrial
muscle depolarises by the impulse originating in AV
node.

Any abnormality of atrial activity will be reflected
by corresponding changes in the P wave. For instance,
in atrial fibrillation it will be absent; in atrial
hypertrophy, it will be large and may be notched; in
nodal rhythm, the direction will be reversed.

ORS-T waves: These four waves are caused by
ventricular activity and are collectively known as the
ventricular complex. QRS are depolarisation waves of
the ventricle; and are the initial group of three waves—
one following immediately upon the other. The average
duration of QRS-T is 0.43 sec; that of QRS is usually
less than 0.08 sec and should not exceed 0.1 sec.
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Q wave: As soon as the impulse arrives at the muscular
part of the septum, producing the first wave Q. Hence,
Q is caused by the activity of the septum. It is a small,
negative wave and often inconspicuous deflection.

Q wave is not found in those animals which do not
possess an interventricular septum (reptiles and
amphibian). It is also absent in infants suffering from
congenital patency of the septum. Prominent Q wave
indicates old infarction.

R & S waves: R is the most constant and conspicuous
wave having the tallest amplitude. It is the first positive
deflection during ventricular depolarisation. It follows
immediately upon Q. S is the next downward
deflection, constant but often inconspicuous. Inlead I,
R is mainly caused by right ventricle and S due to left
ventricle. In lead III, it is just the reverse. In abnormal
conditions of ventricles, the shape, size and duration
of RS alter. For instance, in bundle branch heart block
their duration is prolonged beyond 0.1 sec and their
relative amplitude varies.

T wave: R is followed by a long isoelectric period, after
which comes the last upward deflection T. It is a broad,
smooth rounded deflection with an average duration
of 0.27 sec. It is repolarisation wave of the ventricle. It
is normally positive because the apex of the heart
repolarises much earlier than the base of the heart. In
young adults, T is very prominent. In old age it is
flattened. Exercise increases the amplitude in a healthy
heart. It is sometimes inverted in lead III without
apparent reason. It is also altered by stimulation of the
vagus and sympathetic nerves, by digitalis and other
poisons, by anoxia caused by coronary constriction and
by the damage of myocardium from any cause.

Abnormalities of T wave in shape, size, direction,
duration and reaction to exercise in leads I and II are of
great prognostic significance. It indicates serious
myocardial damage and is often associated with cardiac
hypoxia.

U wave: This wave is often seen just after the T wave.
It is possibly due to slow repolarisation of the
intraventricular conducting system.

R-R interval: It is the interval between the two
successive R waves. If the R-R interval in next successive
stages are same then they indicate that the ventricle is
depolarising rhythmically.

P-P interval: It is the interval between the two
successive P waves. Equal intervals in next successive
stages indicate rhythmical depolarisation of the
atrium.

P-R interval: This is the interval from the onset of P to
that of QRS. It measures the conduction time of the
impulse from the SA node to the ventricles. Normally,
it varies from 0.13 to 0.16 sec and should not exceed 0.2
sec. A longer interval shows impaired conduction
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through the bundle. Variable P-R interval in successive
stages indicates AV dissociation. This indicates
ventricle to beat without the influence of SA node. [True
conduction time, i.e. from the AV node to the ventricles,
should be measured from the summit of P to the
beginning of Q. But since Q is often absent, P-R interval
is taken as the conduction time for the sake of
convenience.]

ORS interval: It measures the total ventricular
depolarisation time. It is measured from the onset of
Q wave to the cessation of S wave. It varies from 0.08
to 0.1 sec.

O-T interval: It measures the ventricular total electrical
activity time. It is generally measured from the onset
of Q wave to the end of T wave. It is about 0.36 sec.

RS-T segment: Elevation or sagging of this segment
indicates myocardial damage or hypoxia.

T-P interval: Alteration of this interval indicates the
alteration of the heart rate. It is measured from the end
of T wave to the beginning of P wave. T-P interval
actually measures the diastolic period of the heart. If
the T-P interval in successive stages is variable then it
indicates atrioventricular dissociation.

Unipolar Limb Leads (Table 34.2)

Electrodes are placed respectively on the left arm, left
leg and right arm. They are connected together to form
a central terminal which passes through a suitable
resistance (5,000 ohm) and is kept almost to zero
potential. This is the indifferent electrode. Other
electrode is put on different parts of the body surface.
This is the exploring electrode. By this arrangement the
indifferent electrode is kept at zero degree potential so
that the exploring electrode records the local
unmodified action current.

The following unipolar leads are in use:

* Lead VR: Right arm.

* Lead VL: Left arm.

e Lead VF: Left leg (foot).

VR lead: Q wave is bigger which is followed by small
R wave, small Swave and an inverted T wave (Fig. 34.7).

Table 34.2 Unipolar limb leads

Lead Negative terminal Positive terminal
VR Right arm
Left arm
Left leg
VL Right arm
Left leg
Left arm
VF Right arm
Left arm
Left leg

Right arm

Left arm

Left leg

Fig. 34.7: ECG of bipolar leads and unipolar chest leads
(Courtesy: Prof RN Chatterjee, MD (Calcutta)

VL lead: The waves in VL changes with the alteration
of the position of the heart. When the heart is vertical,
VL resembles with that of VR. R wave is small followed
by big S wave. T wave is inverted.

VF lead: There is a large R wave followed by S wave.
T wave is erect. Through the unipolar limb leads VR,
VL, VF, electrical activities of the ventricular cavity,
upper part of the left side of the heart and the inferior
surface of the heart respectively are known. QRS
complex in VF resembles with that of chest lead V, if
the records are taken during expiration and with that
of chest lead V6 if the records are taken during deep
inspiration.

Augmented Unipolar Limb Leads

In these types of leads there are three leads widely used.
These are aVR, aVL and aVF. In the unipolar limb leads
(VR, VL, VE), the amplitudes are small but in augmented
unipolar limb leads (aVR, aVL, aVF), the amplitudes
are increased by 50%.

Key Points

In these types of recordings, one limb is connected to
the positive terminal and the other two limbs are
connected together to the negative terminal.

1. When the right arm is connected to the positive
terminal and the left arm and leftleg together to the
negative terminals, then the combination will be a
VR (denoting block R as right arm).

2. Similarly, when the left arm is connected to the
positive terminal and the right arm and left leg




together to the negative terminals, the combination
will be a VL (denoting L as left arm).

3. When the left leg is connected to the positive
terminal, and the right arm and left arm to the
negative terminals, then the combination will be
aVF (denoting F as foot).

Normal ECG recorded in these leads (Fig. 34.8)
shows more or less similar except that the recording in
aVR is inverted. This is because the side of the heart
nearest to the right arm is negative in respect to the
rest of the heart.

Chest Leads (Unipolar)

There are six chest leads, viz. V|, V,, V,, V,, V,and V.
In the chest leads one electrode is placed on the anterior
surface of the chest and connected to the positive pole
of the galvanometer and the other electrode—the
indifferent electrode placed anywhere in the body is
connected to the negative pole of the galvanometer.

One such combination actually makes one lead. The
conventional precordial positions used are as follows:

V,: Fourth intercostal space at 2.54 cm (1 inch) away
from the right sternal border.

V,: Fourth intercostal space at 2.54 cm (1 inch) away
from the left sternal border.

V,: At the midpoint between V,and V,.

V . Fifth intercostal space at left mid-clavicular line.

V,: At a point where the anterior axillary line
intersects perpendicularly the horizontal line extended
from V,.

V,: At a point where mid-axillary line intersects
perpendicularly the samehorizontal line extended from

V,.
Normal ECG Recorded in Chest Leads (Fig. 34.8)

Key Points

1. In leads V, and V,, the QRS complex is normally
negative, because the chest electrodes in these leads
are nearer to the base of the heart which is the
direction of electro-negativity during most of the
ventricular depolarisation phase.

2. On the other hand, in V,, V, and V the QRS complex
is positive because these chest leads are nearer to
the apex of the heart and are electropositive during
depolarisation. Localisation and the extent of damage
can be determined by using the chest leads.

3. Normally V -V, indicates the activity of the right
ventricle and is characterised by increasing height
of R wave from V, and a progressively decreasing
S wave. The height of R wave increases from V| to
V,or V.

4. V., V, denotes the activity of the left ventricle and is
characterised by a very small Q wave and a tall
R wave. T wave is generally upright in all positions
except sometimes in V..

Human Physiology

il
{

e
T

t

2

1

1

:

!

HIPREHHY

T
1

=aps faros ia| = 1 JEE R
ashi |20ns o2 S| asse s R
n 555“ i
kil | i ‘
HHE : H
VR
"y { et
i it ie
T T - od
EEE
VL o i EHIEE
sadst ioff T s
=438 §op| tH 43
VF
T {3
| !
! 1

SEIAEReEE
7

faes
=

jasaaas, snantsnsassanas
<
5 }
T Saesut sanss
siRRiNEE, snee sasnaanet |

gisasiuiul SNEBsPRRNE HERES)

<
)
N
HHRHH

e

IFE* s S M

Fig. 34.8: Sino-atrial heart block

Significance of Various Leads and their Limitations

In general, the standard limb leads are most valuable
for diagnosis of arrhythmia and also for preliminary
studies of the functional abnormalities of the heart.
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The precordial chest leads are very important for
diagnosis or for (a) localisation of the recent or old
ventricular damage, (b) bundle branch block, and
(c) detection of ventricular hypertrophy.

The augmented unipolar limb leads are most
valuable for (a) determining the position of the heart,
(b) confirming the significance of Q and T waves in the
standard leads, and (c) confirming the evidence of
ventricular damage or hypertrophy.

Abnormalities in ECG may not always indicate heart
disease, because these abnormalities may be functional,
congenital or induced by drugs or by disease.

The clinical importance of electrocardiogram is
obviously very great. It gives fairly accurate information
as to the condition of atria and ventricles—almost in
all of its functional aspects. In cardiac abnormalities,
characteristic variations occur in the electrocardiogram
along with side-by-side clinical findings may act as a
dependable guide to the diagnosis, prognosis and
treatment.

Electrocardiographic Appearances under
Certain Cardiac Disorders

Heart Block

Heart block is the condition when conduction of
impulse from pacemaker area through the conducting
tissue is interrupted at any degree.

Sino-atrial block: Sometimes impulse from SA node
fails to reach the atrial muscle due to block (sino-atrial
block). In ECG (Fig. 34.8), P is absent due to atrial
standstill, but the ventricle beats at the rhythm of the
AV node and QRS-T complex remains unaltered.

Incomplete heart block or partial heart block is the
condition when the bundle of His is partially blocked.

Thus to conclude: In first degree heart block (Fig. 34.10),
The P-R interval is abnormally increased from 0.16 to
0.38 sec. In the second degree heart block (Fig. 34.11),
QRS-T complex follows each second or third P wave
(2:1 or 3:1 heart block). In certain partial heart block, P-
R interval increases with each successive beat until one
P wave is not followed by a QRS-T complex. So, in this
form of heart block, the P-R interval is gradually
increased in successive beats until a ventricular beat
fails to occur (Fig. 34.12). This type of block is known
as Wenckebach phenomenon.

Sometimes, block occurs in either branch—left or
right bundle branch by injury or by some pathological
processes.

* In left bundle branch block, there is delay in
activation of the left ventricle. Ventricular rate is
normal, but duration of QRS complex is greater.
R waves in V. are slurred or notched.

* In right bundle branch block, there is delay in
impulse conduction through the right ventricle.
QRS duration is prolonged and the R waves in
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Fig. 34.9: Prolonged P-R interval
(Courtesy: Dr Sunil Sen, MB, MRCP (Edin))

V, and aVR are slurred. In V.V, and aVL there
is late slurred S wave.

In complete heart block, where the impulse
conduction is completely interrupted due to damage
of bundle of His, there are complete atrioventricular
dissociations. Atrium beats at the rate of sinus rhythm
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Fig. 34.12: Second degree heart block of Wenckebach
type
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Fig. 34.13: Complete heart block showing atrioventricular
dissociation

and ventricle at its own. This type of block is known
as complete or third degree heart block. In the ECG,
P-P interval and R-R interval will be same all throughout
but P-R interval will be variable because P will not be
followed by the QRS-T complex (Figs 34.11 and 34.13).

Resultant cerebral ischaemia may cause dizziness
and fainting (Stokes-Adams syndrome).

Ventricular Premature Beat or Extra Systole

Figure 34.14 illustrates the series of ventricular
premature beat or extra systole. Sometimes, a portion
of the myocardium becomes irritable and ectopic beat

Human Physiology
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Fig. 34.14: Venftricular premature beats

occurs before the expected next normal beat. This beat
causes transient interruptions of the cardiac rhythm.
This type of ectopic beat is known as ventricular extra
systole or premature beat.

Ventricular Paroxysmal Tachycardia

This is the condition when the ventricular muscle is
damaged considerably. The ECG shows the series of
ventricular premature beats or extra systole occurring
successively for several beats without any normal beats
interspersed (Fig. 34.15). This is the early stage of
ventricular fibrillation.

Fig. 34.15: Ventricular paroxysmal tachycardia
Ventricular Fibrillation

This is the condition of massive damage at multiple
areas of the ventricles. In the ECG, the complexes are

bizarre and the individual component cannot be
deciphered (Fig. 34.16).
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Fig. 34.16: Ventricular fibrillation

Wolff-Parkinson-White Syndrome

The impulses pass directly from atrium to the
ventricular muscle via an abnormal route, called the
bundle of Kent, which bypasses the AV junctions. This
leads to only partial activation of ventricular muscle
before normal activation reaches it via the conduction
system (as due to delay in the AV junction). ECG
changes seen are shorter PR interval and broader QRS
complex that exceed over 0.12 s.

Ischemic Heart Disease

This is the condition when the circulation of the heart
muscle is interfered with curtailment of blood due to
ischaemic changes. In the ECG, there is inversion of T
waves. The S-T segments is sagged.

Myocardial Infarction

It is the condition when an area of the muscle is
necrosed due to permanent arrest of blood supply to
that area. The cause of arrest of blood supply is due to
formation of thrombus in a region narrowed by
atherosclerotic plaques (coronary thrombosis). The
ECG shows deep Q wave, S-T segment elevation and
T wave inversion. In early stage, the prominent Q wave
may not be observed. Only elevation of RS-T segment
inlead I, aVL and V.~V may be observed. Depression
in RS-T segment may be observed in leads II, III, and
aVF. In old infarction, there is prominent Q wave which
is observed in lead I, aVL, and V-~V .

Mean Electrical Axis of the Heart

It is the resultant electromotive force passing through
the heart at a definite direction. The electromotive force
having its definite magnitude and direction is known
as vector. So each vector is the measure of the instanta-
neous electromotive force of the heart and its directions
may be regarded as the instantaneous electrical axis.

Determination of Electrical Axis

Electrical axis of the heart is determined on the
hypothesis of Einthoven equilateral triangle. According
to the hypothesis of Einthoven triangle, the heart
assumed to be a centre point of electrical generator in
the equilateral triangle which is formed by joining the
three parts of the limbs and from which the different
leads in standard limb leads have been led off.
According to the Einthoven principle, the sum total
voltage of QRS in lead II is equivalent to the sum total
voltage in leads I and III. According to this method,
the centre point of the triangle is drawn by drawing
perpendicular line from middle point of each of the
sides of the equilateral triangle. From the centre, a circle

is drawn outside the triangle. Conventionally the upper
half of the circle is taken as negative and the lower half
of the circle as positive. The upper half is divided equally
so as to represent 0° to — 180° and the lower equally to
represent 0° to + 180° (Fig. 34.17). A scale is drawn from
the middle point of each side of the triangle. The scale
represents the amplitude in mV. Negative and positive
representation in the scale is generally made according
to the nature of connection in each lead (Fig. 34.5). For
determining the axis, simultaneous ECG at least in two
standard limb leads are required. The sum total value
of the QRS complex of two leads is plotted on the sides
of the triangle in the positive or negative direction
depicting the specific lead and a new point is obtained
for each lead (A, B). If the value is positive then it is
plotted in the positive direction and if it is negative then
it is plotted in the negative direction depicting the
specific lead. From each new point a perpendicular is
drawn which intersects the other line inside the triangle
at point C. The centre O is joined with the point C and
is extended outward so as to reach the circle at a point
which is the actual axis of the heart (Fig. 34.18). The
normal range of axis deviation lies within -30° to + 110°.
If the axis is beyond -30° then it is called abnormal left
axis deviation and if it is beyond + 110° then it is called
abnormal right axis deviation (Fig. 34.17).

The abnormal right axis deviation occurs in right
bundle branch block, posterior myocardial infarction
and right ventricular hypertrophy. The abnormal left
axis deviation occurs in left bundle branch block, left
right ventricular hypertrophy and antero-lateral
myocardial infarction.

Ventricular Conditions that may Cause
Axis Deviation

Change of position of the heart: Change of position of
the heart has got a little effect on the axis. The change
is only 20° to 30° from the original value. If the heart is
shifted to the left then the axis is deviated to the left.
During expiration left axis deviation and during
inspiration right axis deviations are often observed.

Hypertrophy of the ventricle: Hypertrophy of the
ventricle alters the axis greatly. It is generally due to
increase of muscle mass. Axis is generally deviated
towards the hypertrophied side. This is due to increase
of muscle mass in the hypertrophied side; the
depolarisation wave takes much longer time to cover
the hypertrophied side than the normal one.
Accordingly the normal ventricle becomes depolarised
earlier than the hypertrophied one and strong vector is
shifted towards the hypertrophied side. For this reason,
the right axis deviation is observed in hypertrophy of
the right ventricle and left axis deviation in case of the
hypertrophy of the left ventricle.

Bundle branch block: In bundle branch block the axis
is deviated towards the side of the block. Because in
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Fig. 34.18; Calculation of the electrical axis. The net
deflection of QRS complex plotted on equilateral triangle

normal condition the impulse is transmitted to the
lateral walls of two ventricles through the two branches
almost at the same instant and two ventricles
depolarises almost at the same time. If one branch is
blocked then the impulse will be transmitted earlier by
the normal one. The affected side will be depolarised
earlier and the affected side will remain still in polarised

state. So, the axis will be deviated towards the side of
injury or a block. In left bundle branch block the
deviation will be towards the left and in the right bundle
branch block the axis will be deviated towards theright.

ECG changes due to altered ionic composition

1. Increased potassium levels in extra-cellular fluid
(hyperkalaemia) produces tall T waves and abnormal
and prolonged QRS complex.

2. Decreased potassium levels in extra-cellular fluid
(hypokalaemia) produces prolonged PR interval,
T wave inversion, depression of ST segment and
prominence of U wave.

3. Decreased concentration of sodium in extra-cellular
fluid (hyponaetraemia) produceslow voltage waves
in ECG.

4. Decreased concentration of calcium in extra-cellular
fluid (hypocalcaemia) produces prolonged QT interval
and ST segment.

5. Increased concentration of calcium in extra-cellular
fluid (hypercalaemia) produces calcium rigor.

REFERENCES

1. Goldman M) (1986): Principles of Clinical Electrocardio-
graphy, 12th ed., 460 pp. Lange Medical Publications,
Los Altos, Cal.

2. Macfarlane PW, Lawrie TDV (eds.) (1989): Comprehensive
Electrocardiology: Theory and Practice in Health and
Disease, 1sted., Vols. 1-3, 1785 pp. Pergamon Press, New
York.



EXAM-ORIENTED QUESTION 2. Describe the significance features of ECG recording in
standard limb leads, chest leads and augmented leads.

Short Notes 3. Describe the significance of vector analysis in ECG.

1. Explain the various methods of recording of an ECG. 4. Discuss the ECG changes in various pathological disorders.
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INTRODUCTION

Nerves of the Heart and their Action

The regulation of the heart is effected through the
afferent (centripetal) and efferent (centrifugal) nerves
of the heart (Fig. 35.1).

Afferent Nerves

1. Impulses are carried from the heart through the
vagus nerve and from the aortic arch via the aortic
nerve to the cardiac centre in the medulla.

. Sympathetic nerve supply is mediated via the
inferior cervical and first four thoracic ganglia and
first four thoracic nerve roots into the spinal cord.

. The impulses are carried from the carotid sinus
through the sinus nerve, a branch of glossopharyngeal
nerve to the cardio respiratory centres in the medulla.

The efferent nerves are: Vagus and sympathetic
(Fig. 35.1).

Vagus Nerves

The pre-ganglionic fibres of the vagus nerves arise from
the dorsal nuclei of the vagus situated in the floor of
the fourth ventricle in the medulla (Fig. 35.1). The
parasympathetic output is from nucleus ambiguus and
to a lesser extent from the dorsal motor nucleus. The
solitary nucleus, being an integrating hub for the baro-
reflex, receives sen