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Foreword to the Sixth Edition

MADHA MEDICAL COLLEGE & RESEARCH INSTITUTE

Approved by Medical Council of India, New Delhi,
Affiliated to Tamil Nadu Dr. M.G.R. Medical University, Chennai, Proc. No. Affln. Il (3)/4206/2010

Thandalam, Kovur (Near Porur), Chennai-600 122. Phone : 044 - 2478 0333, 2478 0055
E-mail: madhahospital @gmail.com

Dr S MADAN KUMAR MD, Dip. A & E
Director

It is my privilege and pleasure to give this foreword to sixth edition of the textbook Essentials of Medical Physiology
written by two of our dedicated and renowned teachers Dr K Sembulingam and Dr Prema Sembulingam. Since
the publication of first edition in the year 1999, this book has been accepted by the faculty of many universities in
and out of country. It has become popular among medical, dental and paramedical students because of its elegant
presentation, simple language and clear illustrations with diagrams, flow charts and tables.

The authors have taken concerted efforts to improve the contents and update the information in every subsequent
edition of this book. This sixth edition with newly formatted and updated tables, flow charts and self-explanatory
diagrams will help the students in better understanding and performance in various types of examinations. Clinical
physiology with updated information in this edition will help the students for their clinical knowledge to a great extent.

| congratulate Dr K Sembulingam and Dr Prema Sembulingam on their great effort in bringing sixth edition of this
book.

Dr S Madan Kumar mMD, Dip. A& E
Director
Madha Medical College & Research Institute

Thandalam, Kovur (Near Porur)
Chennai, Tamil Nadu, India






Foreword to the First Edition

SRI RAMACHANDRA MEDICAL COLLEGE AND RESEARCH INSTITUTE
(DEEMED UNIVERSITY)

1, RAMACHANDRA NAGAR, PORUR, CHENNAI-600 116

Dr TK PARTHA SARATHY FRCS (C) FACS ©® Off :4828027-29, 31-33

Diplomate of the American Board of Surgery Fax : 091-44-48277008

VICE-CHANCELLOR Telex : 41-25050 PCO IN

It is indeed with a great sense of pleasure and privilege that | give this foreword to the book Essentials of Medical
Physiology written by two of our dedicated teachers Dr K Sembulingam and Dr Prema Sembulingam. The students
have always appreciated the efforts of these two teachers and their ability to make physiology easily comprehended
and interesting. Why one more book in physiology, is what | asked myself first before | reviewed the book. The book
has been largely directed to the broad and specific needs of the undergraduate students, and simplicity and clarity
have been emphasized. The students can easily assimilate the logical sequence in which the subjects have been
presented not only for them to understand the same but also perform well in the various types of objective and
routine examinations.

Several readily understandable diagrams and tables have been included to make subject comprehension and
revision easy. Applied physiology, clinical importance and altered situations in pediatrics, geriatrics and pregnancy
have been well brought out. The approach utilized in dealing with the subject of physiology would be appreciated
by other teachers as well. | have no doubts that this will be a valuable addition to the armamentarium of a student
of physiology who is preparing for examination and is seeking a strong foundation to build further on.

Here at Sri Ramachandra Medical College and Research Institute (Deemed University), Chennai, Tamil Nadu, India,
the faculty involved in writing and editing books of this nature are greatly appreciated, and | as its Vice-Chancellor
wish to congratulate the Sembulingams on their great effort.

Jrrteas -

TK Partha Sarathy FRCS (C) FACS

Diplomate of the American Board of Surgery
Vice-Chancellor

Sri Ramachandra Medical College and Research
Institute (Deemed University)

Porur, Chennai, Tamil Nadu, India






Preface to the Sixth Edition

With this Sixth edition, Sembulingam’s Essentials of Medical Physiology enters into its second decade and the core
subject matter with updated physiological information remain as green as ever. We live in an era where the thirst
for knowledge and urge for learning is so much increased that even a layman knows the fundamentals of common
disorders like diabetes mellitus, hypertension, jaundice, etc. So, it becomes doubly important to fulfill the expectations
of the educated mass, especially in medical field.

We are humbly thankful and heavenly happy for the popularity of this book among the undergraduate and
postgraduate students of medical, dental and paramedical courses, doctors and other health professionals in and
out of our country.

Like many other successful textbooks, this book also has sailed through the years smoothly, fruitfully and
successfully. May be because, it meets the needs of every group of the readers. Students are happy because it is
student-friendly while reading, and exam-friendly while revising. Knowledge seekers are happy because they get
the updated and recent developments in the field of physiology. Doctors are happy because applied aspects are
covered adequately.

Our thirst for improving this textbook is growing every year by seeing outright acceptance of this book by the
students, and the appreciation and overwhelming support given by our fellow teachers. The most comments and
the suggestions, we receive from our readers, are responsible for better shaping of this book in every edition.

This edition is enriched with addition of many more flow charts, tables and descriptive diagrams to make the
subject matter easier and approachable for all class of students. Many chapters are upgraded as per the suggestions
from our colleagues and fellow teachers from various institutes and universities in and out of India.

Our thirst for improving this book is still alive. The improvement is possible only by the comments and suggestions
expressed by the readers. So, we welcome the opinions, comments and valuable suggestions from one and all who
happen to come across this book.

K Sembulingam
ksembu@yahoo.com

Prema Sembulingam
prema_sembu@yahoo.com






Preface to the First Edition

The need for having a simple book with basic principles of Medical Physiology has been felt since long. A sincere and
maiden attempt has been made with the idea of fulfilling the requirements of present-day curriculum. The script of
the book is formatted in such a way that it will be suitable not only for medical students, but also for dental students
and the students of allied health subjects like Physiotherapy, Occupational Therapy, Pharmacy, Nursing, Speech,
Hearing and Language, etc.

Written in a textbook form, this book encompasses the knowledge of basic principles of physiology in each system.
An attempt is also made to describe the applied physiology in each system.

To give an idea of the matters to be studied, the topics are listed at the beginning of each chapter. Most of the
figures are given in schematic form to enable students to understand and reproduce the facts. The probable questions
given for each section will help the students preparing for examinations. However, it will be ideal for the students to
read each section thoroughly before referring to the questions.

We will be very happy to receive opinions, comments and valuable suggestions from all our senior colleagues,
fellow teachers and students so that, every aspect of the book can be reviewed in succeeding editions.

K Sembulingam
Prema Sembulingam
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Introduction

Physiology is the most fascinating and ancient branch of science. It is fascinating because, it unfolds the mystery of
complicated functional aspects of individual organs in the body. It is ancient because, it exists ever since the origin
of life. Even before knowing the language, culture and society, man knew about the hunger, thirst, pain and fear
which are the basics of physiology.

Physiology is defined as the study of functions of various systems and different organs of the body. Physiology
is of different types namely, Human Physiology, Animal Physiology and Plant Physiology. Human Physiology and
Animal Physiology are very much inter-related. Knowledge of Human Physiology is essential to understand the other
allied subjects like Biochemistry, Pharmacology, Pathology, Medicine, etc. However, it is worthwhile to have a brief
knowledge of anatomy of different systems and various organs to understand the principles of Human Physiology.

The basic physiological functions include, provision of oxygen and nutrients, removal of metabolites and other
waste products, maintenance of blood pressure and body temperature, hunger and thirst, locomotor functions, special
sensory functions, reproduction and the higher intellectual functions like learning and memory.

In the unicellular organisms, all the physiological functions are carried out by simple diffusion through the cell
membrane. Because of the evolutionary and ecological changes over the years, individual system is developed for
each function such as digestive system, cardiovascular system, respiratory system, excretory system, etc. Every
system in the body is independent structurally and functionally yet, all the systems are interdependent.

Human Physiology is usually studied under the following headings:

General Physiology

Blood and Body Fluids

Muscle Physiology

Digestive System

Renal Physiology and Excretion
Endocrinology

Reproductive System
Cardiovascular System
Respiratory System and Environmental Physiology
Nervous System

Special Senses

-
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B INTRODUCTION

B CELL

All the living things are composed of cells. A single cell
is the smallest unit that has all the characteristics of life.
Cell is defined as the structural and functional unit of the
living body.

General Characteristics of Cell

Each cell in the body:

1.
2.

3.
4,

Needs nutrition and oxygen

Produces its own energy necessary for its growth,
repair and other activities

Eliminates carbon dioxide and other metabolic wastes
Maintains the medium, i.e. the environment for its
survival

5. Shows immediate response to the entry of invaders
like bacteria or toxic substances into the body

6. Reproduces by division. There are some exceptions
like neuron, which do not reproduce.

B TISSUE

Tissue is defined as the group of cells having similar
function. There are many types of tissues in the body. All
the tissues are classified into four major types which are
called the primary tissues. The primary tissues include:
1. Muscle tissue (skeletal muscle, smooth muscle and
cardiac muscle)
2. Nervous tissue (neurons and supporting cells)
3. Epithelial tissue (squamous, columnar and cuboidal
epithelial cells)
4. Connective tissue (connective tissue proper, cartil-
age, bone and blood).
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B ORGAN

An organ is defined as the structure that is formed by
two or more primary types of tissues, which execute the
functions of the organ. Some organs are composed of all
the four types of primary tissues. The organs are of two
types, namely tubular or hollow organs and compact or
parenchymal organs. Some of the organs in the body are
brain, heart, lungs, stomach, intestine, liver, gallbladder,
pancreas, kidneys, endocrine glands, etc.

B SYSTEM

The organ system is defined as group of organs that work
together to carry out specific functions of the body.

Each system performs a specific function. Digestive
system is concerned with digestion of food particles.
Excretory system eliminates unwanted substances.
Cardiovascular system is responsible for transport of
substances between the organs. Respiratory system
is concerned with the supply of oxygen and removal of
carbon dioxide. Reproductive system is involved in the
reproduction of species. Endocrine system is concerned
with growth of the body and regulation and maintenance
of normal life. Musculoskeletal system is responsible for
stability and movements of the body. Nervous system
controls the locomotion and other activities including the
intellectual functions.

B STRUCTURE OF THE CELL

Each cell is formed by a cell body and a membrane
covering the cell body called the cell membrane. Cell
body has two parts, namely nucleus and cytoplasm
surrounding the nucleus (Fig. 1.1). Thus, the structure
of the cell is studied under three headings:

1. Cell membrane

2. Cytoplasm
3. Nucleus.
Secretory ——————_ £ Golgi
vesicle - apparatus
Lysosome --——- -8 -~ Nucleus
Rough ———-—hemas _—Nucleolus

__1T.-—- Centrioles

. Smooth
| endoplasmic

endoplasmic | /’
reticulum | ,')-'
I// i i
_-/-“'g’:
Ribosomes <=7

Mitochondrion -—r_.f— reticulum
Cell membrane N\ __,, “““;————Mlcrotubule
Microfilament --——***f‘" "__‘,"'" ______ Cytoplasm

FIGURE 1.1: Structure of the cell

B CELL MEMBRANE

Cell membrane is a protective sheath, enveloping the
cell body. It is also known as plasma membrane or
plasmalemma. This membrane separates the fluid out-
side the cell called extracellular fluid (ECF) and the fluid
inside the cell called intracellular fluid (ICF). The cell
membrane is a semipermeable membrane. So, there is
free exchange of certain substances between ECF and
ICF. Thickness of the cell membrane varies from 75 to
111A (Fig. 1.2).

B COMPOSITION OF CELL MEMBRANE

Cell membrane is composed of three types of substances:
1. Proteins (55%)
2. Lipids (40%)
3. Carbohydrates (5%).

B STRUCTURE OF CELL MEMBRANE

On the basis of structure, cell membrane is called a unit
membrane or a three-layered membrane. The electron
microscopic study reveals three layers of cell membrane,
namely, one central electron-lucent layer and two elec-
tron-dense layers. The two electron-dense layers are
placed one on either side of the central layer. The central
layer is a lipid layer formed by lipid substances. The
other two layers are protein layers formed by proteins.
Cell membrane contains some carbohydrate molecules
also.

Structural Model of the Cell Membrane
1. Danielli-Davson model

‘Danielli-Davson model’ was the first proposed basic
model of membrane structure. It was proposed by

James F Danielli and Hugh Davson in 1935. And it was
accepted by scientists for many years. This model was
basically a ‘sandwich of lipids’ covered by proteins on
both sides.

----Peripheral protein

;:: Lipid layers

e Integral protein

Peripheral protein
FIGURE 1.2: Diagram of the cell membrane



2. Unit membrane model

In 1957, JD Robertson replaced ‘Danielli-Davson model’
by ‘Unit membrane model’ on the basis of electron
microscopic studies.

3. Fluid mosaic model

Laterin 1972, SJ Singer and GL Nicholson proposed ‘The
fluid mosaic model'. According to them, the membrane
is a fluid with mosaic of proteins (mosaic means pattern
formed by arrangement of different colored pieces of
stone, tile, glass or other such materials). This model
is accepted by the scientists till now. In this model, the
proteins are found to float in the lipid layer instead of
forming the layers of the sandwich-type model.

Lipid Layers of the Cell Membrane

The central lipid layer is a bilayered structure. This is
formed by a thin film of lipids. The characteristic feature
of lipid layer is that, it is fluid in nature and not a solid
structure. So, the portions of the membrane move from
one point to another point along the surface of the cell.
The materials dissolved in lipid layer also move to all
areas of the cell membrane.
Major lipids are:
1. Phospholipids
2. Cholesterol.

1. Phospholipids

Phospholipids are the lipid substances containing phos-
phorus and fatty acids. Aminophospholipids, sphingo-
myelins, phosphatidylcholine, phosphatidyletholamine,
phosphatidylglycerol, phosphatidylserine and phos-
phatidylinositol are the phospholipids present in lipid
layer of cell membrane.

Phospholipid molecules are arranged in two layers
(Fig. 1.3). Each phospholipid molecule resembles the
headed pin in shape. The outer part of the phospholipid
molecule is called the head portion and the inner portion
is called the tail portion.

Head portion is the polar end and it is soluble in
water and has strong affinity for water (hydrophilic). Tall
portion is the non-polar end. It is insoluble in water and
repelled by water (hydrophobic).

Two layers of phospholipids are arranged in such a
way that the hydrophobic tail portions meet in the center
of the membrane. Hydrophilic head portions of outer
layer face the ECF and those of the inner layer face ICF
(cytoplasm).

2. Cholesterol

Cholesterol molecules are arranged in between the
phospholipid molecules. Phospholipids are soft and
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oily structures and cholesterol helps to ‘pack’ the
phospholipids in the membrane. So, cholesterol is
responsible for the structural integrity of lipid layer of the
cell membrane.

Functions of Lipid Layer in Cell Membrane

Lipid layer of the cell membrane is a semipermeable
membrane and allows only the fat-soluble substances
to pass through it. Thus, the fat-soluble substances like
oxygen, carbon dioxide and alcohol can pass through
this lipid layer. The water-soluble substances such as
glucose, urea and electrolytes cannot pass through this
layer.

Protein Layers of the Cell Membrane

Protein layers of the cell membrane are electron-dense
layers. These layers cover the two surfaces of the
central lipid layer. Protein layers give protection to the
central lipid layer. The protein substances present in
these layers are mostly glycoproteins.
Protein molecules are classified into two categories:
1. Integral proteins or transmembrane proteins.
2. Peripheral proteins or peripheral membrane
proteins.

1. Integral proteins

Integral or transmembrane proteins are the proteins that
pass through entire thickness of cell membrane from one
side to the other side. These proteins are tightly bound
with the cell membrane.
Examples of integral protein:
i. Cell adhesion proteins
ii. Cell junction proteins
iii. Some carrier (transport) proteins
iv. Channel proteins
v. Some hormone receptors
vi. Antigens
vii. Some enzymes.

AAO®)---- Hydrophilic
fabatat portion

e

NS
1A "’\ T
) -

™y Hydrophobic
2 portions

LIS Hydrophilic
portion

FIGURE 1.3: Lipids of the cell membrane
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2. Peripheral proteins

Peripheral proteins or peripheral membrane proteins
are the proteins which are partially embedded in the
outer and inner surfaces of the cell membrane and do
not penetrate the cell membrane. Peripheral proteins
are loosely bound with integral proteins or lipid layer of
cell membrane. So, these protein molecules dissociate
readily from the cell membrane.

Examples of peripheral proteins:

i. Proteins of cytoskeleton
ii. Some carrier (transport) proteins
iii. Some enzymes.

Functions of Proteins in Cell Membrane

1. Integral proteins provide the structural integrity of
the cell membrane

2. Channel proteins help in the diffusion of water-
soluble substances like glucose and electrolytes

3. Carrier or transport proteins help in the transport of
substances across the cell membrane by means of
active or passive transport

4. Pump: Some carrier proteins act as pumps, by
which ions are transported actively across the cell
membrane

5. Receptor proteins serve as the receptor sites for
hormones and neurotransmitters

6. Enzymes: Some of the protein molecules form the
enzymes and control chemical (metabolic) reactions
within the cell membrane

7. Antigens: Some proteins act as antigens and induce
the process of antibody formation

8. Cell adhesion molecules or the integral proteins are
responsible for attachment of cells to their neighbors
or to basal lamina.

Carbohydrates of the Cell Membrane

Some of the carbohydrate molecules present in
cell membrane are attached to proteins and form
glycoproteins (proteoglycans). Some carbohydrate
molecules are attached to lipids and form glycolipids.

Carbohydrate molecules form a thin and loose
covering over the entire surface of the cell membrane
called glycocalyx.

Functions of Carbohydrates in Cell Membrance

1. Carbohydrate molecules are negatively charged and
do not permit the negatively charged substances to
move in and out of the cell

2. Glycocalyx from the neighboring cells helps in the
tight fixation of cells with one another

3. Some carbohydrate molecules function as the
receptors for some hormones.

B FUNCTIONS OF CELL MEMBRANE

1. Protective function: Cell membrane protects the
cytoplasm and the organelles present in the cyto-
plasm

2. Selective permeability: Cell membrane acts as a
semipermeable membrane, which allows only some
substances to pass through it and acts as a barrier
for other substances

3. Absorptive function: Nutrients are absorbed into the
cell through the cell membrane

4. Excretory function: Metabolites and other waste
products from the cell are excreted out through the
cell membrane

5. Exchange of gases: Oxygen enters the cell from the
blood and carbon dioxide leaves the cell and enters
the blood through the cell membrane

6. Maintenance of shape and size of the cell: Cell mem-
brane is responsible for the maintenance of shape
and size of the cell.

B CYTOPLASM

Cytoplasm of the cell is the jelly-like material formed by

80% of water. It contains a clear liquid portion called

cytosol and various particles of different shape and

size. These particles are proteins, carbohydrates, lipids

or electrolytes in nature. Cytoplasm also contains many
organelles with distinct structure and function.

Cytoplasm is made up of two zones:
1. Ectoplasm: Peripheral part of cytoplasm, situated
just beneath the cell membrane

2. Endoplasm: Inner part of cytoplasm, interposed

between the ectoplasm and the nucleus.

B ORGANELLES IN CYTOPLASM

Cytoplasmic organelles are the cellular structures
embedded in the cytoplasm. Organelles are considered
as small organs of the cell. Some organelles are bound
by limiting membrane and others do not have limiting
membrane (Box 1.1). Each organelle is having a definite
structure and specific functions (Table 1.1).

B ORGANELLES WITH LIMITING MEMBRANE

B ENDOPLASMIC RETICULUM

Endoplasmic reticulum is a network of tubular and
microsomalvesicularstructureswhichareinterconnect-
ed with one another. It is covered by a limiting membrane
whichisformedby proteinsand bilayeredlipids. Thelumen



BOX 1.1: Cytoplasmic organelles

Organelles with limiting membrane

Endoplasmic reticulum
Golgi apparatus

Lysosome

Peroxisome

Centrosome and centrioles
Secretory vesicles
Mitochondria

Nucleus

QIN @ OlLE W I =

Organelles without limiting membrane

1. Ribosomes
2. Cytoskeleton

of endoplasmic reticulum contains a fluid medium called
endoplasmic matrix. The diameter of the lumen is about
400 to 700A. The endoplasmic reticulum forms the link
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between nucleus and cell membrane by connecting the
cell membrane with the nuclear membrane.

Types of Endoplasmic Reticulum

Endoplasmic reticulum is of two types, namely rough
endoplasmic reticulum and smooth endoplasmic reti-
culum. Both the types are interconnected and continuous
with one another. Depending upon the activities of the
cells, the rough endoplasmic reticulum changes to
smooth endoplasmic reticulum and vice versa.

Rough Endoplasmic Reticulum

It is the endoplasmic reticulum with rough, bumpy or
bead-like appearance. Rough appearance is due to the
attachment of granular ribosomes to its outer surface.
Hence, it is also called the granular endoplasmic

TABLE 1.1: Functions of cytoplasmic organelles

Organelles Functions

Rough endoplasmic reticulum . Synthesis of proteins
. Degradation of worn-out organelles

Smooth endoplasmic reticulum . Synthesis of lipids and steroids
. Role in cellular metabolism
. Storage and metabolism of calcium

. Catabolism and detoxification of toxic substances

Golgi apparatus . Processing, packaging, labeling and delivery of proteins and lipids

Lysosomes Degradation of macromolecules
Degradation of worn-out organelles
. Removal of excess of secretory products

. Secretion of perforin, granzymes, melanin and serotonin

Peroxisomes Breakdown of excess fatty acids

. Detoxification of hydrogen peroxide and other metabolic products
Oxygen utilization

. Acceleration of gluconeogenesis

. Degradation of purine to uric acid

. Role in the formation of myelin

. Role in the formation of bile acids

Centrosome . Movement of chromosomes during cell division

Mitochondria . Production of energy
. Synthesis of ATP

. Initiation of apoptosis

Ribosomes . Synthesis of proteins

Cytoskeleton . Determination of shape of the cell
. Stability of cell shape

. Cellular movements

. Control of all activities of the cell

. Synthesis of RNA

Sending genetic instruction to cytoplasm for protein synthesis
. Formation of subunits of ribosomes

. Control of cell division

. Storage of hereditary information in genes (DNA)

Nucleus

DUAWNRE WN= P WNR P NOORMWNE AON= B RAONE MR
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reticulum (Fig. 1.4). Rough endoplasmic reticulum is
vesicular or tubular in structure.

Functions of Rough Endoplasmic Reticulum
1. Synthesis of proteins

Rough endoplasmic reticulum is concerned with the
synthesis of proteins in the cell. It is involved with the
synthesis of mainly those proteins which are secreted
from the cells such as insulin from B-cells of islets
of Langerhans in pancreas and antibodies from B
lymphocytes.

Ribosomes arrange the amino acids into small
units of proteins and transport them into the rough
endoplasmic reticulum. Here, the carbohydrates are
added to the protein units forming the glycosylated
proteins or glycoproteins, which are arranged in the
form of reticular vesicles. These vesicles are transported
mainly to Golgi apparatus for further modification and
processing. Few vesicles are transported to other cyto-
plasmic organelles.

2. Degradation of worn-out organelles

Rough endoplasmic reticulum also plays an important
role in the degradation of worn-out cytoplasmic orga-
nelles like mitochondria. It wraps itself around the worn-
out organelles and forms a vacuole which is often called
the autophagosome. Autophagosome is digested by
lysosomal enzymes (see below for details).

Smooth Endoplasmic Reticulum

It is the endoplasmic reticulum with smooth appearance.
Itis also called agranular reticulum. Itis formed by many
interconnected tubules. So, it is also called tubular
endoplasmic reticulum.

Functions of Smooth Endoplasmic Reticulum
1. Synthesis of non-protein substance

Smooth endoplasmic reticulum is responsible for syn-
thesis of non-protein substances such as cholesterol
and steroid. This type of endoplasmic reticulum is
abundant in cells that are involved in the synthesis of
lipids, phospholipids, lipoprotein substances, steroid
hormones, sebum, etc. In most of the other cells, smooth
endoplasmic reticulum is less extensive than the rough
endoplasmic reticulum.

2. Role in cellular metabolism

Outer surface of smooth endoplasmic reticulum contains
many enzymes which are involved in various metabolic
processes of the cell.

Smooth endoplasmic Rough endoplasmic Ribosome
reticulum ; reticulum
!’ .f'lr
/ / Nucleus

FIGURE 1.4: Endoplasmic reticulum

3. Storage and metabolism of calcium

Smooth endoplasmic reticulum is the major site of
storage and metabolism of calcium. In skeletal muscle
fibers, it releases calcium which is necessary to trigger
the muscle contraction.

4. Catabolism and detoxification

Smooth endoplasmic reticulum is also concerned
with catabolism and detoxification of toxic substances
like some drugs and carcinogens (cancer-producing
substances) in the liver.

B GOLGI APPARATUS

Golgi apparatus or Golgi body or Golgi complex is a
membrane-bound organelle, involved in the processing
of proteins. It is present in all the cells except red blood
cells. It is named after the discoverer Camillo Golgi.
Usually, each cell has one Golgi apparatus. Some of the
cells may have more than one Golgi apparatus. Each
Golgi apparatus consists of 5 to 8 flattened membranous
sacs called the cisternae.

Golgi apparatus is situated near the nucleus. It has
two ends or faces, namely cis face and trans face. The
cis face is positioned near the endoplasmic reticulum.
Reticular vesicles from endoplasmic reticulum enter
the Golgi apparatus through cis face. The trans face
is situated near the cell membrane. The processed
substances make their exit from Golgi apparatus through
trans face (Fig. 1.5).

Functions of Golgi Apparatus

Major functions of Golgi apparatus are processing,
packing, labeling and delivery of proteins and other
molecules like lipids to different parts of the cell.
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FIGURE 1.5: Golgi apparatus

1. Processing of materials

Vesicles containing glycoproteins and lipids are
transported into Golgi apparatus. Here, the glycoproteins
and lipids are modified and processed.

2. Packaging of materials

All the processed materials are packed in the form of
secretory granules, secretory vesicles and lysosomes,
which are transported either out of the cell or to another
part of the cell. Because of this, Golgi apparatus is called
the ‘post office of the cell’.

3. Labeling and delivery of materials

Finally, the Golgi apparatus sorts out the processed and
packed materials and labels them (such as phosphate
group), depending upon the chemical content for delivery
(distribution) to their proper destinations. Hence, the
Golgi apparatus is called ‘shipping department of the
cell’.

B LYSOSOMES

Lysosomes are the membrane-bound vesicular
organelles found throughout the cytoplasm. The lyso-
somes are formed by Golgi apparatus. The enzymes
synthesized in rough endoplasmic reticulum are
processed and packed in the form of small vesicles in
the Golgi apparatus. Then, these vesicles are pinched
off from Golgi apparatus and become the lysosomes.
Among the organelles of the cytoplasm, the
lysosomes have the thickest covering membrane. The
membrane is formed by a bilayered lipid material. It has
many small granules which contain hydrolytic enzymes.
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Types of Lysosomes

Lysosomes are of two types:

1. Primary lysosome, which is pinched off from Golgi
apparatus. It is inactive in spite of having hydrolytic
enzymes

2. Secondary lysosome, which is the active lysosome.
Itis formed by the fusion of a primary lysosome with
phagosome or endosome (see below).

Functions of Lysosomes

Lysosomes are often called ‘garbage system’ of the cell
because of their degradation activity. About 50 different
hydrolytic enzymes, known as acid hydroxylases are
present in the lysosomes, through which lysosomes
execute their functions.

Important lysosomal enzymes

1. Proteases, which hydrolyze the proteins into amino
acids

2. Lipases, which hydrolyze the lipids into fatty acids
and glycerides

3. Amylases, which hydrolyze the polysaccharides
into glucose

4. Nucleases, which hydrolyze the nucleic acids into
mononucleotides.

Mechanism of lysosomal function

Lysosomal functions involve two mechanisms:
1. Heterophagy: Digestion of extracellular materials
engulfed by the cell via endocytosis
2. Autophagy: Digestion of intracellular materials such
as worn-out cytoplasmic organelles.

Specific functions of lysosomes

1. Degradation of macromolecules

Macromolecules are engulfed by the cell by means of
endocytosis (phagocytosis, pinocytosis or receptor-
mediated endocytosis: Chapter 3). The macromolecules
such as bacteria, engulfed by the cell via phagocytosis
are called phagosomes or vacuoles. The other
macromolecules taken inside via pinocytosis or
receptor-mediated endocytosis are called endosomes.
The primary lysosome fuses with the phagosome or
endosometoformthe secondary lysosome. The pHinthe
secondary lysosome becomes acidic and the lysosomal
enzymes are activated. The bacteria and the other
macromolecules are digested and degraded by these
enzymes. The secondary lysosome containing these
degraded waste products moves through cytoplasm and
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fuses with cell membrane. Now the waste products are
eliminated by exocytosis.

2. Degradation of worn-out organelles

The rough endoplasmic reticulum wraps itself around
the worn-out organelles like mitochondria and form
the vacuoles called autophagosomes. One primary
lysosome fuses with one autophagosome to form the
secondary lysosome. The enzymes in the secondary
lysosome are activated. Now, these enzymes digest the
contents of autophagosome.

3. Removal of excess secretory products in the cells

Lysosomes in the cells of the secretory glands remove
the excess secretory products by degrading the secretory
granules.

4. Secretory function — secretory lysosomes

Recently, lysosomes having secretory function

called secretory lysosomes are found in some of the

cells, particularly in the cells of immune system. The

conventional lysosomes are modified into secretory

lysosomes by combining with secretory granules (which

contain the particular secretory product of the cell).
Examples of secretory lysosomes:

i. Lysosomes in the cytotoxic T lymphocytes and
natural killer (NK) cells secrete perforin and
granzymes, which destroy both viral-infected
cells and tumor cells. Perforin is a pore-forming
proteinthatinitiates celldeath. Granzymesbelong
to the family of serine proteases (enzymes that
dislodge the peptide bonds of the proteins) and
cause the cell death by apoptosis

ii. Secretory lysosomes of melanocytes secrete
melanin

iii. Secretory lysosomes of mast cells secrete
serotonin, which is a vasoconstrictor substance
and inflammatory mediator.

B PEROXISOMES

Peroxisomes or microbodies are the membrane
limited vesicles like the lysosomes. Unlike lysosomes,
peroxisomes are pinched off from endoplasmic reticulum
and not from the Golgi apparatus. Peroxisomes contain
some oxidative enzymes such as catalase, urate oxidase
and D-amino acid oxidase.

Functions of Peroxisomes

Peroxisomes:
i. Breakdown the fatty acids by means of a process
called beta-oxidation: This is the major function
of peroxisomes

ii. Degrade the toxic substances such as hydrogen
peroxide and other metabolic products by means
of detoxification. A large number of peroxisomes
are present in the cells of liver, which is the major
organ for detoxification. Hydrogen peroxide is
formed from poisons or alcohol, which enter the
cell. Whenever hydrogen peroxide is produced
in the cell, the peroxisomes are ruptured and
the oxidative enzymes are released. These
oxidases destroy hydrogen peroxide and the
enzymes which are necessary for the production
of hydrogen peroxide

iii. Form the major site of oxygen utilization in the
cells

iv. Accelerate gluconeogenesis from fats

v. Degrade purine to uric acid

vi. Participate in the formation of myelin
viii. Play a role in the formation of bile acids.

B CENTROSOME AND CENTRIOLES

Centrosome is the membrane-bound cellular organelle
situated almost in the center of cell, close to nucleus.
It consists of two cylindrical structures called centrioles
which are made up of proteins. Centrioles are responsible
for the movement of chromosomes during cell division.

B SECRETORY VESICLES

Secretory vesicles are the organelles with limiting
membrane and contain the secretory substances. These
vesicles are formed in the endoplasmic reticulum and
are processed and packed in Golgi apparatus. Secretory
vesicles are present throughout the cytoplasm. When
necessary, these vesicles are ruptured and secretory
substances are released into the cytoplasm.

H MITOCHONDRION

Mitochondrion (plural = mitochondria) is a membrane-
bound cytoplasmic organelle concerned with production
of energy. It is a rod-shaped or oval-shaped structure
with a diameter of 0.5 to 1 p. It is covered by a bilayered
membrane (Fig. 1.6). The outer membrane is smooth and
encloses the contents of mitochondrion. This membrane
contains various enzymes such as acetyl-CoAsynthetase
and glycerolphosphate acetyltransferase.

The inner membrane is folded in the form of shelf-like
inward projections called cristae and it covers the inner
matrix space. Cristae contain many enzymes and other
protein molecules which are involved in respiration and
synthesis of adenosine triphosphate (ATP). Because of
these functions, the enzymes and other protein molecules
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FIGURE 1.6: Structure of mitochondrion

in cristae are collectively known as respiratory chain or
electron transport system.

Enzymes and other proteins of respiratory chain

i. Succinic dehydrogenase
ii. Dihydronicotinamide adenine dinucleotide (NADH)
dehydrogenase

iii. Cytochrome oxidase

iv. Cytochrome C

v. ATP synthase.

Inner cavity of mitochondrion is filled with matrix which
contains many enzymes. Mitochondrion moves freely in
the cytoplasm of the cell. It is capable of reproducing
itself. Mitochondrion contains its own deoxyribonucleic
acid (DNA), which is responsible for many enzymatic
actions. In fact, mitochondrion is the only organelle other
than nucleus, which has its own DNA.

Functions of Mitochondrion
1. Production of energy

Mitochondrion is called the ‘power house’ or ‘power
plant’ of the cell because it produces the energy required
for cellular functions. The energy is produced during the
oxidation of digested food particles like proteins, carbo-
hydrates and lipids by the oxidative enzymes in cristae.
During the oxidative process, water and carbon dioxide
are produced with release of energy. The released ener-
gy is stored in mitochondria and used later for synthesis
of ATP.

2. Synthesis of ATP

The components of respiratory chain in mitochondrion
are responsible for the synthesis of ATP by utilizing the
energy by oxidative phosphorylation. ATP molecules
diffuse throughout the cell from mitochondrion. Whenever
energy is needed for cellular activity, the ATP molecules
are broken down.

3. Apoptosis

Cytochrome C and second mitochondria-derived activator
of caspases (SMAC)/diablo secreted in mitochondria are
involved in apoptosis (see below).
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4. Other functions

Other functions of mitochondria include storage of
calcium and detoxification of ammonia in liver.

B ORGANELLES WITHOUT
LIMITING MEMBRANE

H RIBOSOMES

Ribosomes are the organelles without limiting mem-
brane. These organelles are granular and small dot-like
structures with a diameter of 15 nm. Ribosomes are
made up of 35% of proteins and 65% of ribonucleic acid
(RNA). RNA present in ribosomes is called ribosomal
RNA (rRNA). Ribosomes are concerned with protein
synthesis in the cell.

Types of Ribosomes

Ribosomes are of two types:
i. Ribosomes that are attached to rough endo-
plasmic reticulum
ii. Free ribosomes that are distributed in the cyto-
plasm.

Functions of Ribosomes

Ribosomes are called ‘protein factories’ because of
their role in the synthesis of proteins. Messenger RNA
(mRNA) carries the genetic code for protein synthesis
from nucleus to the ribosomes. The ribosomes, in turn
arrange the amino acids into small units of proteins.

Ribosomes attached to rough endoplasmic reticulum
are involved in the synthesis of proteins such as the
enzymatic proteins, hormonal proteins, lysosomal pro-
teins and the proteins of the cell membrane.

Free ribosomes are responsible for the synthesis of
proteins in hemoglobin, peroxisome and mitochondria.

B CYTOSKELETON

Cytoskeleton is the cellular organelle present throughout
the cytoplasm. It determines the shape of the cell and gives
support to the cell. It is a complex network of structures
with varying sizes. In addition to determining the shape of
the cell, itis also essential for the cellular movements and
the response of the cell to external stimuli.
Cytoskeleton consists of three major

components:

1. Microtubule

2. Intermediate filaments

3. Microfilaments.

protein
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1. Microtubules

Microtubules are the straight, hollow and tubular
structures of the cytoskeleton. These organelles without
the limiting membrane are arranged in different bundles.
Each tubule has a diameter of 20 to 30 nm. Length of
microtubule varies and it may be 1000 times more than
the thickness.

Structurally, the microtubules are formed by bundles
of globular protein called tubulin (Fig. 1.7). Tubulin has
two subunits, namely a-subunit and B-subunit.

Functions of microtubules

Microtubules may function alone or join with other
proteins to form more complex structures like cilia,
flagella or centrioles and perform various functions.
Microtubules:
i. Determine the shape of the cell
ii. Give structural strength to the cell
iii. Actlike conveyer belts which allow the movement
of granules, vesicles, protein molecules and
some organelles like mitochondria to different
parts of the cell
iv. Form the spindle fibers which separate the
chromosomes during mitosis
v. Are responsible for the movement of centrioles
and the complex cellular structures like cilia.

2. Intermediate Filaments

Intermediate filaments are the structures that form a
network around the nucleus and extend to the periphery
of the cell. Diameter of each filament is about 10 nm. The
intermediate filaments are formed by rope-like polymers,
which are made up of fibrous proteins (Fig. 1.8).

Subclasses of intermediate filaments

Intermediate filaments are divided into five subclasses:
i. Keratins (in epithelial cells)
ii. Glial filaments (in astrocytes)
iii. Neurofilaments (in nerve cells)
iv. Vimentin (in many types of cells)
v. Desmin (in muscle fibers).

Functions of intermediate filaments

Intermediate filaments help to maintain the shape of the
cell. These filaments also connect the adjacent cells
through desmosomes.

3. Microfilaments

Microfilaments are long and fine thread-like structures
with a diameter of about 3 to 6 nm. These filaments are
made up of non-tubular contractile proteins called actin
and myosin. Actin is more abundant than myosin.

Microfilaments are present throughout the cytoplasm.
The microfilaments present in ectoplasm contain
only actin molecules (Fig. 1.9) and those present in
endoplasm contain both actin and myosin molecules.

Functions of microfilaments

Microfilaments:
i. Give structural strength to the cell
ii. Provide resistance to the cell against the pulling
forces
iii. Are responsible for cellular movements like
contraction, gliding and cytokinesis (partition of
cytoplasm during cell division).

B NUCLEUS

Nucleus is the most prominent and the largest cellular
organelle. It has a diameter of 10 u to 22 p and occupies
about 10% of total volume of the cell.

Tubulin qubunits

FIGURE 1.7: Microtubule

—----- Fibrous subunit

FIGURE 1.9: Microfilament of ectoplasm



Nucleus is present in all the cells in the body except
the red blood cells. The cells with nucleus are called
eukaryotes and those without nucleus are known as
prokaryotes. Presence of nucleus is necessary for cell
division.

Most of the cells have only one nucleus (uninucleated
cells). Few types of cells like skeletal muscle cells have
many nuclei (multinucleated cells). Generally, the
nucleus is located in the center of the cell. It is mostly
spherical in shape. However, the shape and situation of
nucleus vary in some cells.

B STRUCTURE OF NUCLEUS

Nucleus is covered by a membrane called nuclear mem-
brane and contains many components. Major components
of nucleus are nucleoplasm, chromatin and nucleolus.

Nuclear Membrane

Nuclear membrane is double layered and porous in
nature. This allows the nucleoplasm to communicate with
the cytoplasm. The outer layer of nuclear membrane is
continuous with the membrane of endoplasmic reticulum.
The space between the two layers of nuclear membrane
is continuous with the lumen of endoplasmic reticulum.

Pores of the nuclear membrane are guarded (lined)
by protein molecules. Diameter of the pores is about
80 to 100 nm. However, it is decreased to about 7 to
9 nm because of the attachment of protein molecules
with the periphery of the pores. Exchange of materials
between nucleoplasm and cytoplasm occurs through
these pores.

Nucleoplasm

Nucleoplasm is a highly viscous fluid that forms the
ground substance of the nucleus. Itis similar to cytoplasm
present outside the nucleus.

Nucleoplasm surrounds chromatin and nucleolus.
It contains dense fibrillar network of proteins called the
nuclear matrix and many substances such as nucleotides
and enzymes. The nuclear matrix forms the structural
framework for organizing chromatin. The soluble liquid
part of nucleoplasm is known as nuclear hyaloplasm.

Chromatin

Chromatin is a thread-like material made up of large
molecules of DNA. The DNA molecules are compactly
packed with the help of a specialized basic protein
called histone. So, chromatin is referred as DNA-histone
complex. It forms the major bulk of nuclear material.
DNA is a double helix which wraps around central
core of eight histone molecules to form the fundamental
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packing unit of chromatin called nucleosome. Nucleo-
somes are packed together tightly with the help of a
histone molecule to form a chromatin fiber.

Just before cell division, the chromatin condenses to
form chromosome.

Chromosomes

Chromosome is the rod-shaped nuclear structure
that carries a complete blueprint of all the hereditary
characteristics of that species. A chromosome is formed
from a single DNA molecule coiled around histone
molecules. Each DNA contains many genes.

Normally, the chromosomes are not visible in the
nucleus under microscope. Only during cell division,
the chromosomes are visible under microscope. This is
because DNA becomes more tightly packed just before
cell division, which makes the chromosome visible
during cell division.

All the dividing cells of the body except reproductive
cells contain 23 pairs of chromosomes. Each pair consists
of one chromosome inherited from mother and one from
father. The cells with 23 pairs of chromosomes are called
diploid cells. The reproductive cells called gametes or
sex cells contain only 23 single chromosomes. These
cells are called haploid cells.

Nucleolus

Nucleolus is a small, round granular structure of the
nucleus. Each nucleus contains one or more nucleoli.
The nucleolus contains RNA and some proteins, which
are similar to those found in ribosomes. The RNA is
synthesized by five different pairs of chromosomes and
stored in the nucleolus. Later, it is condensed to form
the subunits of ribosomes. All the subunits formed in
the nucleolus are transported to cytoplasm through the
pores of nuclear membrane. In the cytoplasm, these
subunits fuse to form ribosomes, which play an essential
role in the formation of proteins.

B FUNCTIONS OF NUCLEUS

Major functions of nucleus are the control of cellular

activities and storage of hereditary material. Several

processes are involved in the nuclear functions.
Functions of nucleus:

1. Controlofallthe cellactivitiesthatinclude metabolism,

protein synthesis, growth and reproduction (cell

division)

Synthesis of RNA

Formation of subunits of ribosomes

4. Sending genetic instruction to the cytoplasm for
protein synthesis through messenger RNA (mMRNA)

wn
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Control of the cell division through genes

6. Storage of hereditary information (in genes)
and transformation of this information from one
generation of the species to the next.

B DEOXYRIBONUCLEIC ACID

Deoxyribonucleic acid (DNA) is a nucleic acid that carries
the genetic information to the offspring of an organism.
DNA forms the chemical basis of hereditary characters.
It contains the instruction for the synthesis of proteins in
the ribosomes. Gene is a part of a DNA molecule.

DNA is present in the nucleus (chromosome)
and mitochondria of the cell. The DNA present in the
nucleus is responsible for the formation of RNA. RNA
regulates the synthesis of proteins by ribosomes. DNA
in mitochondria is called non-chromosomal DNA.

B STRUCTURE OF DNA

DNA is a double-stranded complex nucleic acid. It
is formed by deoxyribose, phosphoric acid and four
types of bases. Each DNA molecule consists of two
polynucleotide chains, which are twisted around one
another in the form of a double helix. The two chains are
formed by the sugar deoxyribose and phosphate. These
two substances form the backbone of DNA molecule.
Both chains of DNA are connected with each other by
some organic bases (Fig. 1.10).

Each chain of DNA molecule consists of many

nucleotides. Each nucleotide is formed by:
1. Deoxyribose — sugar
2. Phosphate
3. One of the following organic (nitrogenous) bases:
Purines — Adenine (A)
— Guanine (G)
Pyrimidines — Thymine (T)
— Cytosine (C)

The strands of DNA are arranged in such a way that
both are bound by specific pairs of bases. The adenine
of one strand binds specifically with thymine of opposite
strand. Similarly, the cytosine of one strand binds with
guanine of the other strand.

DNA forms the component of chromosomes, which
carries the hereditary information. The hereditary infor-
mation that is encoded in DNA is called genome. Each
DNA molecule is divided into discrete units called
genes.

B GENE

Gene is a portion of DNA molecule that contains the
message or code for the synthesis of a specific protein

from amino acids. It is like a book that contains the
information necessary for protein synthesis. Gene is
considered as the basic hereditary unit of the cell.

In the nucleotide of DNA, three of the successive
base pairs are together called a triplet or a codon. Each
codon codes or forms code word (information) for one
amino acid. There are 20 amino acids and there is
separate code for each amino acid. For example, the
triplet CCA is the code for glycine and GGC is the code
for proline.

Thus, each gene forms the code word for a particular
protein to be synthesized in ribosome (outside the
nucleus) from amino acids.

B GENETIC DISORDERS

A genetic disorder is a disorder that occurs because
of the abnormalities in an individual’'s genetic material
(genome). Genetic disorders are either hereditary dis-
orders or due to defect in genes.

Causes of Gene Disorders

Genetic disorders occur due to two causes:

1. Genetic variation: Presence of a different form of
gene

2. Genetic mutation: Generally, mutation means an
alteration or a change in nature, form, or quality.
Genetic mutation refers to change of the DNA
sequence within a gene or chromosome of an
organism, which results in the creation of a new
character.

Classification of Genetic Disorders

Genetic disorders are classified into four types:
1. Single gene disorders
2. Multifactorial genetic disorders
3. Chromosomal disorders
4. Mitochondrial DNA disorders.

1. Single Gene Disorders

Single gene disorders or Mendelian or monogenic
disorders occur because of variation or mutation in one
single gene. Examples include sickle cell anemia and
Huntington’s disease.

2. Multifactorial Genetic Disorders

Multifactorial genetic disorders or polygenic disorders
are caused by combination of environmental factors and
mutations in multiple genes. Examples are coronary heart
disease, Alzheimer’s disease, arthritis and diabetes.
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FIGURE 1.10: Structure of DNA. A. Double helical structure of DNA; B. Magnified view of the components of DNA.
A = Adenine, C = Cytocine, G= Guanine, P = Phosphate, S = Sugar, T = Thymine.

3. Chromosomal Disorders

Chromosomal disorder is a genetic disorder caused
by abnormalities in chromosome. It is also called
chromosomal abnormality, anomaly or aberration. It often
results in genetic disorders which involve physical or
mental abnormalities. Chromosomal disorder is caused
by numerical abnormality or structural abnormality.
Chromosomal disorder is classified into two types:

i. Structural abnormality (alteration) of chromosomes
which leads to disorders like chromosome instability
syndromes (group of inherited diseases which
cause malignancies)

ii. Numerical abnormality of chromosomes which is of
two types:

a. Monosomy due to absence of one chromosome
from normal diploid number. Example is Turner’s

syndrome, which is characterized by physical
disabilities

Trisomy due to the presence of one extra
chromosome along with normal pair of chromo-
somes in the cells. Example is Down syndrome,
which is characterized by physical disabilities
and mental retardation.

=

4. Mitochondrial DNA Disorders

Mitochondrial DNA disorders are the genetic disorders
caused by the mutations in the DNA of mitochondria
(non-chromosomal DNA). Examples are Kearns-Sayre
syndrome (neuromuscular disorder characterized by
myopathy, cardiomyopathy and paralysis of ocular mus-
cles) and Leber’s hereditary optic neuropathy (disease
characterized by degeneration of retina and loss of
vision).
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B RIBONUCLEIC ACID

Ribonucleic acid (RNA) is a nucleic acid that contains
a long chain of nucleotide units. It is similar to DNA but
contains ribose instead of deoxyribose. Various functions
coded in the genes are carried out in the cytoplasm of
the cell by RNA. RNA is formed from DNA.

B STRUCTURE OF RNA

Each RNA molecule consists of a single strand of
polynucleotide unlike the double-stranded DNA. Each
nucleotide in RNA is formed by:

1. Ribose — sugar.

2. Phosphate.

3. One of the following organic bases:

Purines — Adenine (A)
— Guanine (G)
Pyrimidines — Uracil (U)
— Cytosine (C).

Uracil replaces the thymine of DNA and it has similar
structure of thymine.

B TYPES OF RNA

RNA is of three types. Each type of RNA plays a specific
role in protein synthesis. The three types of RNA are:

1. Messenger RNA (mMRNA)

Messenger RNA carries the genetic code of the amino
acid sequence for synthesis of protein from the DNA to
the cytoplasm.

2. Transfer RNA (tRNA)

Transfer RNA is responsible for decoding the genetic
message present in mRNA.

3. Ribosomal RNA (rRNA)

Ribosomal RNA s present within the ribosome and forms
a part of the structure of ribosome. Itis responsible for the
assembly of protein from amino acids in the ribosome.

B GENE EXPRESSION

Gene expression is the process by which the information
(code word) encoded in the gene is converted into
functional gene product or document of instruction
(RNA) that is used for protein synthesis.

Gene expression involves two steps:
1. Transcription.
2. Translation.

B TRANSCRIPTION OF GENETIC CODE

The word transcription means copying. It indicates the
copying of genetic code from DNA to RNA. The proteins
are synthesized in the ribosomes which are present in the
cytoplasm. However, the synthesis of different proteins
depends upon the information (sequence of codon)
encoded in the genes of the DNA which is present in the
nucleus. Since DNA is a macromolecule, it cannot pass
through the pores of the nuclear membrane and enter
the cytoplasm. But, the information from DNA must be
sent to ribosome. So, the gene has to be transcribed
(copied) into mMRNA which is developed from DNA.

Thus, the first stage in the protein synthesis is
transcription of genetic code, which occurs within
the nucleus. It involves the formation of mMRNA and
simultaneous copying or transfer of information from
DNA to mRNA. The mRNA enters the cytoplasm from
the nucleus and activates the ribosome resulting in
protein synthesis. The formation of mMRNA from DNA is
facilitated by the enzyme RNA polymerase.

B TRANSLATION OF GENETIC CODE

Translation is the process by which protein synthesis
occurs in the ribosome of the cell under the direction
of genetic instruction carried by mRNA from DNA. Or, it
is the process by which the mRNA is read by ribosome
to produce a protein. This involves the role of other two
types of RNA, namely tRNA and rRNA.

The mRNA moves out of nucleus into the cytoplasm.
Now, a group of ribosomes called polysome gets
attached to mRNA. The sequence of codons in mMRNA
are exposed and recognized by the complementary
sequence of base in tRNA. The complementary
sequence of base is called anticodon. According to the
sequence of bases in anticodon, different amino acids
are transported from the cytoplasm into the ribosome
by tRNA that acts as a carrier. With the help of rRNA,
the protein molecules are assembled from amino acids.
The protein synthesis occurs in the ribosomes which are
attached to rough endoplasmic reticulum.

B GROWTH FACTORS

Growth factors are proteins which act as cell signaling
molecules like cytokines (Chapter 17) and hormones
(Chapter 65). These factors bind with specific surface
receptors of the target cell and activate proliferation,
differentiation and/or maturation of these cells.

Often, the term growth factor is interchangeably used
with the term cytokine. But growth factors are distinct



from cytokines. Growth factors act on the cells of the
growing tissues. But cytokines are concerned with the
cells of immune system and hemopoietic cells.
Many growth factors are identified. The known growth
factors are:
Platelet-derived growth factor — PDGF (Chapter 18)
Colony stimulating factors — CSF (Chapter 16)
Nerve growth factors — NGF (Chapter 134)
Neurotropins (Chapter 134)
Erythropoietin (Chapter 10)
Thrombopoietin (Chapter 18)
Insulin-like growth factors — IGF (Chapter 66)
Epidermal growth factor — present in keratinocytes
and fibroblasts. It inhibits growth of hair follicles and
cancer cells
9. Basic fibroblast growth factor — present in blood
vessels. It is concerned with the formation of new
blood vessels
10. Myostatin — present in skeletal muscle fibers. It
controls skeletal muscle growth
11. Transforming growth factors (TGF) — present in
transforming cells (cells undergoing differentiation)
and in large quantities in tumors and cancerous
tissue. TGF is of two types:

i. TGF-a secreted in brain, keratinocytes and
macrophages. It is concerned with growth of
epithelial cells and wound healing

ii. TGF-B secreted by hepatic cells, T lymphocytes,
B lymphocytes, macrophages and mast cells.
When the liver attains the maximum size in
adults, it controls liver growth by inhibiting pro-
liferation of hepatic cells. TGF-B also causes
immunosuppression.
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B CELL DEATH

Cell death occurs by two distinct processes:
1. Apoptosis
2. Necrosis.

B APOPTOSIS

Apoptosis is defined as the natural or programed death
of the cell under genetic control. Originally, apoptosis
refers to the process by which the leaves fall from trees
in autumn (In Greek, apoptosis means ‘falling leaves’).
It is also called ‘cell suicide’ since the genes of the cell
play a major role in the death.

This type of programmed cell death is a normal
phenomenon and it is essential for normal development
of the body. In contrast to necrosis, apoptosis usually
does not produce inflammatory reactions in the
neighboring tissues.
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Functional Significance of Apoptosis

The purpose of apoptosis is to remove unwanted cells
without causing any stress or damage to the neighboring
cells. The functional significance of apoptosis:

1. Plays a vital role in cellular homeostasis. About
10 million cells are produced everyday in human
body by mitosis. An equal number of cells die by
apoptosis. This helps in cellular homeostasis

2. Useful for removal of a cell that is damaged beyond
repair by a virus or a toxin

3. An essential event during the development and in
adult stage.

Examples:

i. Alarge number of neurons are produced during
the development of central nervous system.
But up to 50% of the neurons are removed by
apoptosis during the formation of synapses
between neurons

ii. Apoptosis is responsible for the removal of
tissues of webs between fingers and toes during
developmental stage in fetus

iii. Itis necessary for regression and disappearance
of duct systems during sex differentiation in fetus
(Chapter 74)

iv. The cell that looses the contact with neighboring
cells or basal lamina in the epithelial tissue dies
by apoptosis. This is essential for the death of old
enterocytes that shed into the lumen of intestinal
glands (Chapter 41)

v. It plays an important role in the cyclic sloughing
of the inner layer of endometrium, resulting in
menstruation (Chapter 80)

vi. Apoptosis removes the autoaggressive T cells
and prevents autoimmune diseases.

Activation of Apoptosis

Apoptosis is activated by either withdrawal of positive
signals (survival factors) or arrival of negative signals.

Withdrawal of positive signals

Positive signals are the signals which are necessary for
the long-time survival of most of the cells. The positive
signals are continuously produced by other cells or
some chemical stimulants. Best examples of chemical
stimulants are:

i. Nerve growth factors (for neurons)

ii. Interleukin-2 (for cells like lymphocytes).

The absence or withdrawal of the positive signals

activates apoptosis.
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Arrival of negative signals

Negative signals are the external or internal stimuli which
initiate apoptosis. The negative signals are produced
during various events like:

Normal developmental procedures

Cellular stress

Increase in the concentration of intracellular oxidants
Viral infection

Damage of DNA

Exposure to agents like chemotherapeutic drugs,
X-rays, ultraviolet rays and the death-receptor
ligands.
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Death-receptor ligands and death receptors

Death-receptor ligands are the substances which bind
with specific cell membrane receptors and initiate the
process of apoptosis. The common death-receptor
ligands are tumor necrosis factors (TNF- a, TNF- 3) and
Fas ligand (which binds to the receptor called Fas).

Death-receptors are the cell membrane receptors
which receive the death-receptor ligands. Well-charact-
erized death receptors are TNF receptor-1 (TNFR1) and
TNF-related apoptosis inducing ligand (TRAIL) receptors
called DR4 and DR5.

Role of mitochondria in apoptosis

External or internal stimuli initiate apoptosis by activating
the proteases called caspases (cysteinyl-dependent
aspartate-specific proteases). Normally, caspases are
suppressed by the inhibitor protein called apoptosis
inhibiting factor (AIF).

When the cells receive the apoptotic stimulus,
mitochondria releases two protein materials. First one is
Cytochrome C and the second protein is called second
mitochondria-derived activator of caspases (SMAC) or
its homologudiablo.

SMAC/diablo inactivates AIF so that the inhibitor is
inhibited. During this process, SMAC/diablo and AlF
aggregate toform apoptosome which activates caspases.
Cytochrome C also facilitates caspase activation.

Apoptotic Process

Cell shows sequence of characteristic morphological

changes during apoptosis, viz.:

1. Activated caspases digest the proteins of cyto-
skeleton and the cell shrinks and becomes round

2. Because of shrinkage, the cell losses the contact
with neighboring cells or surrounding matrix

3. Chromatin in the nucleus undergoes degradation
and condensation

4. Nuclear membrane becomes discontinuous and the
DNA inside nucleus is cleaved into small fragments

5. Following the degradation of DNA, the nucleus
breaks into many discrete nucleosomal units, which
are also called chromatin bodies

6. Cell membrane breaks and shows bubbled
appearance

7. Finally, the cell breaks into several fragments
containing intracellular materials including chromatin
bodies and organelles of the cell. Such cellular
fragments are called vesicles or apoptotic bodies

8. Apoptotic bodies are engulfed by phagocytes and
dendritic cells.

Abnormal Apoptosis

Apoptosis within normal limits is beneficial for the body.
However, too much or too little apoptosis leads to
abnormal conditions.

Common abnormalities due to too much apoptosis:

1. Ischemic-related injuries
2. Autoimmune diseases like:
i. Hemolytic anemia
ii. Thrombocytopenia
iii. Acquired immunodeficiency syndrome (AIDS)
3. Neurodegenerative diseases like Alzheimer’s
disease.

Common abnormalities due to too little apoptosis:

1. Cancer
2. Autoimmune lymphoproliferative syndrome (ALPS).

B NECROSIS

Necrosis (means ‘dead’ in Greek) is the uncontrolled
and unprogramed death of cells due to unexpected and
accidental damage. Itisalso called ‘cell murder’ because
the cell is killed by extracellular or external events. After
necrosis, the harmful chemical substances released
from the dead cells cause damage and inflammation of
neighboring tissues.

Causes for Necrosis

Common causes of necrosis are injury, infection,
inflammation, infarction and cancer. Necrosis is induced
by both physical and chemical events such as heat,
radiation, trauma, hypoxia due to lack of blood flow and
exposure to toxins.



Necrotic Process

Necrosis results in lethal disruption of cell structure and

activity. The cell undergoes a series of characteristic

changes during necrotic process, viz.

1. Cell swells causing damage of the cell membrane

and appearance of many holes in the membrane

2. Intracellular contents leak out into the surrounding

environment

Intracellular environment is altered

4. Simultaneously, large amount of calcium ions are
released by the damaged mitochondria and other
organelles

5. Presence of calcium ions drastically affects the
organization and activities of proteins in the intra-
cellular components

6. Calcium ions also induce release of toxic materials
that activate the lysosomal enzymes

7. Lysosomal enzymes cause degradation of cellular
components and the cell is totally disassembled
resulting in death

8. Products broken down from the disassembled cell
are ingested by neighboring cells.
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Reaction of Neighboring Tissues
after Necrosis

Tissues surrounding the necrotic cells react to the
breakdown products of the dead cells, particularly
the derivatives of membrane phospholipids like the
arachidonic acid. Along with other materials, arachidonic
acid causes the following inflammatory reactions in the
surrounding tissues:
1. Dilatation of capillaries in the region and thereby
increasing local blood flow
2. Increase in the temperature leading to reddening of
the tissues
3. Release of histamine from these tissues which
induces pain in the affected area
4. Migration of leukocytes and macrophages from
blood to the affected area because of increased
capillary permeability
5. Movement of water from blood into the tissues
causing local edema
6. Engulfing and digestion of cellular debris and
foreign materials like bacteria by the leukocytes and
macrophages
7. Activation ofimmune system resulting in the removal
of foreign materials
8. Formation of pus by the dead leukocytes during this
process
9. Finally, tissue growth in the area and wound healing.
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B CELL ADAPTATION

Cell adaptation refers to the changes taking place in a
cell in response to environmental changes.

Normal functioning of the cell is always threatened by
various factors such as stress, chemical agents, diseases
and environmental hazards. Yet, the cell survives and
continues the function by means of adaptation. Only
during extreme conditions, the cell fails to withstand the
hazardous factors which results in destruction and death
of the cell.

Cellular adaptation occurs by any of the following
mechanisms.

Atrophy
Hypertrophy
Hyperplasia
Dysplasia
Metaplasia.
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B ATROPHY

Atrophy means decrease in size of a cell. Atrophy of more
number of cells results in decreased size or wasting of
the concerned tissue, organ or part of the body.

Causes of Atrophy

Atrophy is due to one or more number of causes such
as:
i. Poor nourishment
ii. Decreased blood supply
iii. Lack of workload or exercise
iv. Loss of control by nerves or hormones
v. Intrinsic disease of the tissue or organ.

Types of Atrophy

Atrophy is of two types, physiological atrophy and
pathological atrophy. Examples of physiological atrophy
are the atrophy of thymus in childhood and tonsils in
adolescence. The pathological atrophy is common in
skeletal muscle, cardiac muscle, sex organs and brain.

B HYPERTROPHY

Hypertrophy is the increase in the size of a cell.
Hypertrophy of many cells results in enlargement or
overgrowth of an organ or a part of the body. Hypertrophy
is of three types.

1. Physiological Hypertrophy

Physiological hypertrophy is the increase in size due
to increased workload or exercise. The common
physiological hypertrophy includes:
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i. Muscular hypertrophy: Increase in bulk of
skeletal muscles that occurs in response to
strength training exercise

ii. Ventricular hypertrophy: Increase in size of
ventricular muscles of the heart which is advan-
tageous only if it occurs in response to exercise.

2. Pathological Hypertrophy

Increase in cell size in response to pathological changes
is called pathological hypertrophy. Example is the
ventricular hypertrophy that occurs due to pathological
conditions such as high blood pressure, where the
workload of ventricles increases.

3. Compensatory Hypertrophy

Compensatory hypertrophy is the increase in size of the
cells of an organ that occurs in order to compensate
the loss or dysfunction of another organ of same type.
Examples are the hypertrophy of one kidney when
the other kidney stops functioning; and the increase
in muscular strength of an arm when the other arm is
dysfunctional or lost.

B HYPERPLASIA

Hyperplasia is the increase in number of cells due to
increased cell division (mitosis). It is also defined as
abnormal or unusual proliferation (multiplication) of cells
due to constant cell division. Hyperplasia results in gross
enlargement of the organ. Hyperplasia involves constant
cell division of the normal cells only. Hyperplasia is of
three types.

1. Physiological Hyperplasia

Physiological hyperplasia is the momentary adaptive
response to routine physiological changes in the body.
For example, during the proliferative phase of each
menstrual cycle, the endometrial cells in uterus increase
in number.

2. Compensatory Hyperplasia

Compensatory hyperplasia is the increase in number of
cells in order to replace the damaged cells of an organ
or the cells removed from the organ.

Compensatory hyperplasia helps the tissues and
organs in regeneration. It is common in liver. After
the surgical removal of the damaged part of liver,
there is increase in the number of liver cells resulting
in regeneration. Compensatory hyperplasia is also
common in epithelial cells of intestine and epidermis.

3. Pathological Hyperplasia

Pathological hyperplasia is the increase in number of
cells due to abnormal increase in hormone secretion.
It is also called hormonal hyperplasia. For example, in
gigantism, hypersecretion of growth hormone induces
hyperplasia that results in overgrowth of the body.

B DYSPLASIA

Dysplasia is the condition characterized by the abnormal
change in size, shape and organization of the cell.
Dysplasia is not considered as true adaptation and it
is suggested as related to hyperplasia. It is common in
epithelial cells of cervix and respiratory tract.

B METAPLASIA

Metaplasia is the condition that involves replacement
of one type of cell with another type of cell. It is of two

types.

1. Physiological Metaplasia

Replacement of cells in normal conditions is called
physiological metaplasia. Examples are transformation
of cartilage into bone and transformation of monocytes
into macrophages.

2. Pathological Metaplasia

Pathological metaplasia is the irreversible replacement
of cells due to constant exposure to harmful stimuli. For
example, chronic smoking results in transformation of
normal mucus secreting ciliated columnar epithelial cells
into non-ciliated squamous epithelial cells, which are
incapable of secreting mucus. These transformed cells
may become cancerous cells if the stimulus (smoking)
is prolonged.

B CELL DEGENERATION

Cell degeneration is a process characterized by damage
of the cells at cytoplasmic level, without affecting
the nucleus. Degeneration may result in functional
impairment or deterioration of a tissue or an organ. It
is common in metabolically active organ like liver, heart
and kidney. Degenerative changes are reversible in
most of the cells.

Causes for Cell Degeneration

Common causes for cell degeneration:
1. Atrophy, hypertrophy, hyperplasia and/or dysplasia
of cell



2. Fluid accumulation in the cell
3. Fat infiltration into the cell
4. Calcification of cellular organelles.

B CELL AGING

Cell aging is the gradual structural and functional
changes in the cells that occur over the passage of time.
It is now suggested that cell aging is due to damage
of cellular substances like DNA, RNA, proteins and
lipids, etc. when the cell becomes old. When more
cellular substances are damaged, the cellular function
decreases. This causes deterioration of tissues, organs
or parts of the body. Finally, the health of the body starts
declining and this leads to death. So, the cell aging
determines the health and life span of the body.

B STEM CELLS

Stem cells are the primary cells capable of reforming
themselves through mitotic division and differentiating
into specialized cells. These cells serve as repair
system of the body and are present in all multicellular
organisms.

B TYPES OF STEM CELLS

Stem cells are of two types:
1. Embryonic stem cells derived from embryo
2. Adult stem cells derived from adults.

1. Embryonic Stem Cells

Embryonic stem cells are derived from the inner cell
mass of a blastocyst which is an early stage of embryo.
It takes about 4 to 5 days after fertilization to reach
the blastocyst stage and it has about 30 to 50 cells.
Embryonic stem cells have two important qualities:
i. Self-renewal capacity
ii. Pluripotent nature, i.e. these cells are capable of
differentiating into all types of cells in ectodermal,
endodermal and mesodermal layers.

Because of these two qualities, the embryonic stem
cells can be used therapeutically for regeneration or
replacement of diseased or destroyed tissues. In fact,
embryonic pluripotent stem cells are now cultured and
lot of research is going on to explore the possibility of
using these cells in curing the disorders like diabetes
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mellitus by cell replacement technique. But, ethical
issues arise because the embryo has to be destroyed to
collect the stem cells.

Stem cells from umbilical cord blood

Stem cells in umbilical cord blood are collected from
the placenta or umbilical cord. Use of these stem cells
for research and therapeutic purposes does not create
any ethical issue because it does not endanger the life
of the fetus or newborn. Because of vitality and easy
availability, the umbilical cord blood stem cells are
becoming a potent resource for transplant therapies.
Nowadays, these stem cells are used to treat about 70
diseases and are used in many transplants worldwide.

2. Adult Stem Cells

Embryonic stem cells do not disappear after birth. But
remain in the body as adult stem cells and play a role
in repair of damaged tissues. However, their number
becomes less. Adult stem cells are the undifferentiated
multipotent progenitor cells found in growing children
and adults. These are also known as somatic stem cells
and are found everywhere in the body. These cells are
capable of dividing and reforming the dying cells and
regenerating the damaged tissues. So, these stem cells
can also be used for research and therapeutic purposes.
Adult stem cells are collected from bone marrow.
Two types of stem cells are present in bone marrow:
i. Hemopoietic stem cells, which give rise to blood
cells (Chapter 10)
ii. Bone marrow stromal cells, which can differ-
entiate into cardiac and skeletal muscle cells.

B ADVANTAGES OF STEM CELLS

Adult stem cells from bone marrow are used in bone
marrow transplant to treat leukemia and other blood
disorders since 30 years. Recently, it is known that
these stem cells can develop into nerve cells, liver cells,
skeletal muscle cells and cardiac muscle cells.

Recent discoveries also reveal that the stem cells
are present in several tissues which include blood, blood
vessels, skeletal muscle, liver, skin and brain. It is also
found that these cells are capable of differentiating into
multiple cell types. So, the cell-based therapy using
stem cells may be possible to treat many diseases
such as heart diseases, diabetes, Parkinson’s disease,
Alzheimer’s disease, spinal cord injury, stroke and
rheumatoid arthritis.
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Bl DEFINITION AND CLASSIFICATION

Cell junction is the connection between the neighboring
cells or the contact between the cell and extracellular
matrix. It is also called membrane junction.

Cell junctions are classified into three types:
1. Occluding junctions
2. Communicating junctions
3. Anchoring junctions.

B OCCLUDING JUNCTIONS

Cell junctions which prevent intercellular exchange of
substances are called occluding junctions, i.e. these
junctions prevent the movement of ions and molecules
from one cell to another cell. Tight junctions belong to
this category.

B TIGHT JUNCTION

Tight junction is the intercellular occluding junction
that prevents the passage of large molecules. It is also

called zonula occludens. It is the region where the cell
membranes of the adjacent cells fuse together firmly.
This type of junction is present in the apical margins of
epithelial and endothelial cells in intestinal mucosa, wall
of renal tubule, capillary wall and choroid plexus.

Structure of Tight Junction

Tight junction is made up of aridge which has two halves.
One half of the ridge is from one cell and another half
is from the other cell. Both halves of the ridge fuse with
each other very tightly and occupy the space between
the two cells (Fig. 2.1). Each half of the ridge consists of
tight junction strands.

Proteins of tight junction

Proteins involved in the formation of tight junctions are
classified into two types:
1. Tight junction membrane proteins or integral mem-
brane proteins, such as occludin, claudin and junc-
tional adhesion molecules (JAMSs)



2. Scaffold (framework or platform) proteins or peri-
pheral membrane proteins or cytoplasmic plaque
proteins such as cingulin, symplekin and ZO-1, 2, 3.
Tight junction membrane protein molecules are

anchored in the strands of the ridge and attach with their
counterparts of neighboring cell, so that both the cells
are held together. The scaffold (platform) proteins are
attached with the tight junction membrane proteins and
strengthen the anchoring in the ridges.

Functions of Tight Junction

1. Strength and stability: The tight junction holds the
neighboring cells of the tissues firmly and thus
provides strength and stability to the tissues.

2. Selective permeability (gate function): The tight
junction forms a selective barrier for small molecules
and a total barrier for large molecules.

In the epithelial and endothelial cells, tight
junction is the most apical intercellular junction,
which functions as selective (semipermeable) dif-
fusion barriers between the neighboring cells. This
function is called barrier or gate function. Barrier
function of tight junction regulates the interchange
of ions, water and varieties of macromolecules
between the cells. The magnitude of this function
varies in different tissues. In some epithelial cells,
few substances pass through the tight junction
(by diffusion or active transport). In other cells, no
substance passes through the tight junction.

3. Fencing function: Tight junction prevents the lateral
movement of proteins (integral membrane proteins)
and lipids in cell membrane and thus acts as a
fence. The fencing function maintains the different
composition of proteins and lipids between the
apical and basolateral plasma membrane domains.
Because of this function, the tight junction is some-
times referred as impermeable junction.

4. Maintenance of cell polarity: Fencing function of
the tight junction maintains the cell polarity by
keeping the proteins in the apical region of the cell
membrane.

5. Blood-brain barrier: Tight junction in the brain capill-
aries forms the blood-brain barrier, which prevents
the entrance of many substances from capillary blood
into brain tissues. Only lipid-soluble substances like
drugs and steroid hormones can pass through the
blood-brain barrier.

B APPLIED PHYSIOLOGY

Diseases caused by mutation of genes encoding
proteins of tight junction:
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. Hereditary deafness
Ichthyosis (scaly skin)
3. Sclerosing cholangitis (inflammation of bile duct
causing obstruction)
4. Hereditary hypomagnesemia (low level of magne-
sium in the blood)
5. Synovial sarcoma (soft tissue cancer)
Functions of tight junction are affected by some
bacteria and viruses also.

N

B COMMUNICATING JUNCTIONS

Cell junctions which permit the intercellular exchange
of substances are called communicating junctions,
i.e. these junctions permit the movement of ions and
molecules from one cell to another cell. Gap junction and
chemical synapse are the communicating junctions.

B GAP JUNCTION

Gap junction is the intercellular junction that allows
passage of ions and smaller molecules between the
cells. It is also called nexus. It is present in heart, basal
part of epithelial cells of intestinal mucosa, etc.

Structure of Gap Junction

Membranes of the two adjacent cells lie very close to
each other and the intercellular space is reduced from
the usual size of 2.5 to 3 nm. Cytoplasm of the two cells
is connected by the channels formed by the membranes
of both cells. So, the molecules move from one cell to
another cell directly through these channels, without
having contact with extracellular fluid (ECF).

Each channel consists of two halves. Each half
belongs to one of the two adjacent cells. Each half of the

Cell1 Cell 2

% Tight junction

=

FIGURE 2.1: Tight junction
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FIGURE 2.2: Gap junction

channel is surrounded by 6 subunits of proteins which
are called connexins or connexons (Fig. 2.2).

Functions of Gap Junction

1. Diameter of the channel in the gap junction is about
1.5 to 3 nm. So, the channel permits the passage of
glucose, amino acids, ions and other substances,
which have a molecular weight less than 1,000

2. It helps in the exchange of chemical messengers
between the cells

3. It helps in rapid propagation of action potential from
one cell to another cell.

Regulation of the Diameter of
Channels in Gap Junction

In the gap junctions, the diameter of each channel is
regulated by the intracellular calcium ions. When the
concentration of intracellular calcium ion increases, the
protein subunits of connexin surrounding the channel
come close to each other by sliding. Thus, the diameter
of the channel decreases. The diameter of the channel
is also regulated by pH, electrical potential, hormones
or neurotransmitter.

B CHEMICAL SYNAPSE

Chemical synapse is the junction between a nerve fiber
and a muscle fiber or between two nerve fibers, through
which the signals are transmitted by the release of
chemical transmitter (Refer Chapter 140).

B APPLIED PHYSIOLOGY

Mutation in the genes encoding the connexins causes
diseases such as:

. Deafness
. Keratoderma (thickening of skin on palms and
soles)

3. Cataract (opacity of lens in eye)

4. Peripheral neuropathy (damage to the nerves of
peripheral nervous system)

5. Charcot-Marie-Tooth disease (a form of neuro-
pathy)

6. Heterotaxia (abnormal arrangement of organs or

parts of the body in relation to left-right symmetry).

N —

B ANCHORING JUNCTIONS

Anchoringjunctions are the junctions, which provide stren-
gth to the cells by acting like mechanical attachments,
i.e. these junctions provide firm structural attachment
between two cells or between a cell and the extracellular
matrix (Fig. 2.3). Anchoring junctions are responsible for
the structural integrity of the tissues and are present
in the tissues like heart muscle and epidermis of skin,
which are subjected to severe mechanical stress.
The firm attachment between two cells or between
a cell and the extracellular matrix is provided by either
actin filaments or the intermediate filaments. Depending
upon this, anchoring junctions are classified into four
types:
1. Actin filament attachment
i. Adherens junction (cell to cell)
ii. Focal adhesion (cell to matrix)
2. Intermediate filament attachment
i. Desmosome (cell to cell)
ii. Hemidesmosome (cell to matrix)

Cell 1 Cell 2

Actin filaments Adherens junction

Intermediate Desmosome
filaments

Hemidesmosome

Focal adhesion

Basal lamina

FIGURE 2.3: Anchoring junctions



B ADHERENS JUNCTION

Adherens junction is the cell to cell junction, which
connects the actin filaments of one cell to those of
another cell. In some places like epithelial linings, this
junction forms a continuous adhesion (zonula adherens)
just below the tight junctions. In adherens junction, the
membranes of the adjacent cells are held together by
some transmembrane proteins called cadherins.

Adherens junction provides strong mechanical
attachments of the adjacent cells. Adherens junction is
present in the intercalated disks between the branches
of cardiac muscles (Chapter 89). During the contractions
and relaxation of heart, the cardiac muscle fibers are
held together tightly by means of this junction. The
adherens junction present in epidermis helps the skin to
withstand the mechanical stress.

B FOCAL ADHESION

Focal adhesion is the cell to matrix junctions,
which connects the actin filaments of the cell to the
extracellular matrix. In epithelia of various organs, this
junction connects the cells with their basal lamina. The
transmembrane proteins, which hold the cell membrane
and the matrix are called integrins.

B DESMOSOME

Desmosome is a cell to cell junction, where the inter-
mediate filaments connect two adjacent cells. Desmo-
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some is also called macula adherens. The membranes
of two adjacent cells, which oppose each other, are
thickened and become spot-like patches. Intermediate
filaments are attached with the thickened patches. Some
of these filaments are parallel to the membrane and
others are arranged in radiating fashion. Desmosomes
function like tight junctions. The transmembrane proteins
involved in desmosome are mainly cadherins.

B HEMIDESMOSOME

Hemidesmosome is a cell to matrix junction, which
connects the intermediate filaments of the cell to the
extracellular matrix. This type of cell junction is like half
desmosome and the thickening of membrane of only
one cell occurs. So, this is known as hemidesmosome
or half desmosome. Mostly, the hemidesmosome
connects the cells with their basal lamina. The proteins
involved in this are integrins (Table 2.1).

B APPLIED PHYSIOLOGY

1. Dysfunction of adherens junction and focal junction
in colon due to mutation of proteins results in colon
cancer. It also leads to tumor metastasis (spread of
cancer cells from a primary tumor to other parts of
the body)

2. Dysfunction of desmosome causes bullous pem-
phigoid (autoimmune disease with tense blistering

TABLE 2.1: Cell junctions

Junction type Proteins involved Function Example
OCCqum Strength and stability to tissues TR . .
Claudin f o Epithelial lining of intestinal mucosa
Selective permeability
S . JAMs . . and renal tubule
Tight junction . . Fencing function L .
Cingulin . . Endothelium in capillary wall and
. Maintenance of cell polarity .
Symplekin . . . choroid plexus
Formation of blood-brain barrier
Z0-1,2,3
Allows passage of small molecules, ions  Epithelial lining
Gap junction Connexins and chemical messengers Heart
Propagation of action potential Intestine
Epithelial lining
Adherens junction  Cadherins Cell to cell attachment Heart
Epidermis
Focal adhesions Cell attachment to
Integrins Basal lamina Epithelial lining
Extracellular matrix
Desmosome Cadherins Cell to cell attachment gE;:}he“al g
Cell attachment to
Hemidesmosome Integrins Basal lamina Epithelial lining
Extracellular matrix
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eruptions of the skin). The patients with this disease
develop antibodies against cadherins
. Dysfunction of hemidesmosome also causes bullous

B TYPES OF CELL ADHESION MOLECULES

Cell adhesion molecules are classified into four types:
1. Cadherins, which form the molecular limbs between

pemphigoid. The patients develop antibodies
against integrins.

B CELL ADHESION MOLECULES

Cell adhesion molecules (CAMs) or cell adhesion
proteins are the protein molecules, which are respons-
ible for the attachment of cells to their neighbors or
to basal lamina (or basal membrane). CAMs form the
important structures of intercellular connections and are
responsible for structural organization of tissues.

neighboring cells. These CAMs form adherens
junction and desomosome

. Integrins, which form the focal adhesion and

hemidesmosome

. 1gG super family, which form the cell adhesion

molecules in nervous system

. Selectins, which act as receptors for carbohydrates

(ligand or mucin) and are found in platelets and
endothelial cells.
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B INTRODUCTION

All the cells in the body must be supplied with essential
substances like nutrients, water, electrolytes, etc. Cells
also must get rid of many unwanted substances like
waste materials, carbon dioxide, etc. The cells achieve
these by means of transport mechanisms across the
cell membrane.

Structure of the cell membrane is well suited for the
transport of substances in and out of the cell. Lipids and
proteins of cell membrane play an important role in the
transport of various substances between extracellular
fluid (ECF) and intracellular fluid (ICF). Refer Chapter 1
for details of lipids and proteins of the cell membrane.

B BASIC MECHANISM OF TRANSPORT

Two types of basic mechanisms are involved in the
transport of substances across the cell membrane:

1. Passive transport mechanism

2. Active transport mechanism.

B PASSIVE TRANSPORT

Passive transport is the transport of substances along
the concentration gradient or electrical gradient or
both (electrochemical gradient). It is also known as
diffusion or downhill movement. It does not need
energy. Passive transport is like swimming in the
direction of water flow in a river. Here, the substances

move from region of higher concentration to the region
of lower concentration. Diffusion is of two types, namely
simple diffusion and facilitated diffusion.

Simple diffusion of substances occurs either
through lipid layer or protein layer of the cell membrane.
Facilitated diffusion occurs with the help of the carrier
proteins of the cell membrane. Thus, the diffusion can
be discussed under three headings:

1. Simple diffusion through lipid layer
2. Simple diffusion through protein layer
3. Facilitated or carrier-mediated diffusion.

B SIMPLE DIFFUSION THROUGH LIPID LAYER

Lipid layer of the cell membrane is permeable only to
lipid-soluble substances like oxygen, carbon dioxide and
alcohol. The diffusion through the lipid layer is directly
proportional to the solubility of the substances in lipids
(Fig. 3.1A).

B SIMPLE DIFFUSION THROUGH PROTEIN LAYER

Protein layer of the cell membrane is permeable to
water-soluble substances. Mainly, electrolytes diffuse
through the protein layer.

Protein Channels or lon Channels

Throughout the central lipid layer of the cell membrane,
there are some pores. Integral protein molecules of
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protein layer invaginate into these pores from either
surface of the cell membrane. Thus, the pores present in
the central lipid layer are entirely lined up by the integral
protein molecules. These pores are the hypothetical
pores and form the channels for the diffusion of water,
electrolytes and other substances, which cannot pass
through the lipid layer. As the channels are lined by
protein molecules, these are called protein channels
for water-soluble substances.

Types of Protein Channels or lon Channels

Characteristic feature of the protein channels is the
selective permeability. That is, each channel can permit
only one type of ion to pass through it. Accordingly, the
channels are named after the ions which diffuse through
these channels such as sodium channels, potassium
channels, etc.

Regulation of the Channels

Some of the protein channels are continuously open-
ed and most of the channels are always closed. Con-
tinuously opened channels are called ungated channels
(Fig. 3.1B). Closed channels are called gated channels.
These channels are opened only when required (Fig.
3.1C).

Gated Channels

Gated channels are divided into three categories:
i. Voltage-gated channels
ii. Ligand-gated channels
iii. Mechanically gated channels.

i. Voltage-gated channels

Voltage-gated channels are the channels which open
whenever there is a change in the electrical potential.
For example, in the neuromuscular junction, when action
potential reaches axon terminal, the calcium channels
are opened and calcium ions diffuse into the interior of
the axon terminal from ECF (Chapter 32).

Similarly, in the muscle during the excitation-con-
traction coupling, the action potential spreads through
the transverse tubules of the sarcotubular system. When
the action potential reaches the cisternae, large number
of calcium ions diffuse from cisternae into sarcoplasm.

ii. Ligand-gated channels

Ligand-gated channels are the type of channels which
open in the presence of some hormonal substances.
The hormonal substances are called ligands and the
channels are called ligand-gated channels. During the
transmission of impulse through the neuromuscular
junction, acetylcholine is released from the vesicles.
The acetylcholine moves through the presynaptic
membrane (membrane of the axon terminal) and
reaches the synaptic cleft. Then, the acetylcholine
molecules cause opening of sodium channels in the
postsynaptic membrane and sodium ions diffuse into
the neuromuscular junction from ECF.

iii. Mechanically gated channels

Mechanically gated channels are the channels which
are opened by some mechanical factors. Examples are,
channels present in the pressure receptors (Pacinian
corpuscles) and the receptor cells (hair cells) of organ

Ungated channel
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FIGURE 3.1: Hypothetical diagram of simple diffusion through the cell membrane.
A. Diffusion through lipid layer; B. Diffusion through ungated channel; C. Diffusion through gated channel.



of Corti and vestibular apparatus. When a Pacinian
corpuscle is subjected to pressure, it is compressed
resulting in deformation of its core fiber. This deformation
causes opening of sodium channel and development of
receptor potential (Chapter 139).

Sound waves cause the movement of cilia of hair
cells in organ of Corti (cochlea), which is the receptor
organ in the ear. Movements of the cilia cause opening
of potassium channels leading to the development of
receptor potential (Chapter 174). Similar mechanism
prevails in hair cells of vestibular apparatus also
(Chapter 158).

lon Channel Diseases

Refer applied physiology of this chapter.

B FACILITATED OR CARRIER-
MEDIATED DIFFUSION

Facilitated or carrier-mediated diffusion is the type
of diffusion by which the water-soluble substances
having larger molecules are transported through the
cell membrane with the help of a carrier protein. By this
process, the substances are transported across the cell
membrane faster than the transport by simple diffusion.

Glucose and amino acids are transported by
facilitated diffusion. Glucose or amino acid molecules
cannot diffuse through the channels because the
diameter of these molecules is larger than the diameter
of the channels. Molecule of these substances binds
with carrier protein. Now, some conformational change
occurs in the carrier protein. Due to this change, the
molecule reaches the other side of the cell membrane
(Fig. 3.2).

B FACTORS AFFECTING RATE OF DIFFUSION

Rate of diffusion of substances through the cell mem-
brane is affected by the following factors:

1. Permeability of the Cell Membrane

Rate of diffusionis directly proportional to the permeability
of cellmembrane. Since the cell membrane is selectively
permeable, only limited number of substances can
diffuse through the membrane.

2. Temperature

Rate of diffusion is directly proportional to the body
temperature. Increase in temperature increases the
rate of diffusion. This is because of the thermal motion
of molecules during increased temperature.
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Stage 1

Carrier protein

ICF

FIGURE 3.2: Hypothetical diagram of facilitated diffusion from
higher concentration (ECF) to lower concentration (ICF).
Stage 1. Glucose binds with carrier protein. Stage 2. Confor-
mational change occurs in the carrier protein and glucose is
released into ICF.

3. Concentration Gradient or Electrical Gradient
of the Substance across the Cell Membrane

Rate of diffusion is directly proportional to the con-
centration gradient or electrical gradient of the diffusing
substances across the cell membrane. However,
facilitated diffusion has some limitation beyond certain
level of concentration gradient.

4. Solubility of the Substance

Diffusion rate is directly proportional to the solubility of
substances, particularly the lipid-soluble substances.
Since oxygen is highly soluble in lipids, it diffuses very
rapidly through the lipid layer.

5. Thickness of the Cell Membrane

Rate of diffusion is inversely proportional to the thickness
of the cell membrane. If the cell membrane is thick,
diffusion of the substances is very slow.

6. Size of the Molecules

Rate of diffusion is inversely proportional to the size
of the molecules. Thus, the substances with smaller
molecules diffuse rapidly than the substances with
larger molecules.

7. Size of the lons

Generally, rate of diffusion is inversely proportional to
the size of the ions. Smaller ions can pass through the
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membrane more easily than larger ions with the same
charge. However, itis notapplicable always. Forinstance,
sodium ions are smaller in size than potassium ions.
Still, sodium ions cannot pass through the membrane as
easily as potassium ions because sodium ions have got
the tendency to gather water molecules around them.
This makes it difficult for sodium ions to diffuse through
the membrane.

8. Charge of the lons

Rate of diffusion is inversely proportional to the charge
of the ions. Greater the charge of the ions, lesser is the
rate of diffusion. For example, diffusion of calcium (Ca**)
ions is slower than the sodium (Na*) ions.

B SPECIAL TYPES OF PASSIVE TRANSPORT

In addition to diffusion, there are some special types of
passive transport, viz.

1. Bulk flow

2. Filtration

3. Osmosis.

B BULK FLOW

Bulk flow is the diffusion of large quantity of substances
from a region of high pressure to the region of low
pressure. It is due to the pressure gradient of the
substance across the cell membrane.

Best example for bulk flow is the exchange of gases
across the respiratory membrane in lungs. Partial pres-
sure of oxygen is greater in the alveolar air than in the
alveolar capillary blood. So, oxygen moves from alveolar
air into the blood through the respiratory membrane.
Partial pressure of carbon dioxide is more in blood than
in the alveoli. So, it moves from the blood into the alveoli
through the respiratory membrane (Chapter 124).

B FILTRATION

Movement of water and solutes from an area of high
hydrostatic pressure to an area of low hydrostatic
pressure is called filtration. Hydrostatic pressure is
developed by the weight of the fluid. Filtration process is
seen at arterial end of the capillaries, where movement
of fluid occurs along with dissolved substances from
blood into the interstitial fluid (Chapter 27). It also occurs
in glomeruli of kidneys (Chapter 52).

B OSMOSIS

Osmosis is the special type of diffusion. It is defined
as the movement of water or any other solvent from
an area of lower concentration to an area of higher

concentration of a solute, through a semipermeable
membrane (Fig. 3.3). The semipermeable membrane
permits the passage of only water or other solvents but
not the solutes.

Osmosis can occur whenever there is a difference in
the solute concentration on either side of the membrane.
Osmosis depends upon osmotic pressure.

Osmotic Pressure

Osmotic pressure is the pressure created by the solutes
in a fluid. During osmosis, when water or any other
solvent moves from the area of lower concentration to
the area of higher concentration, the solutes in the area
of higher concentration get dissolved in the solvent. This
creates a pressure which is known as osmotic pressure.
Normally, the osmotic pressure prevents further
movement of water or other solvent during osmosis.

Reverse Osmotic Pressure

Reverse osmosis is a process in which water or other
solvent flows in reverse direction (from the area of
higher concentration to the area of lower concentration
of the solute), if an external pressure is applied on the
area of higher concentration.

Colloidal Osmotic Pressure and Oncotic Pressure

The osmotic pressure exerted by the colloidal substances
in the body is called the colloidal osmotic pressure. And,
the osmotic pressure exerted by the colloidal substances
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FIGURE 3.3: Osmosis. Red objects = solute, Yellow shade
= water, Green dotted line = semipermeable membrane. In
(), concentration of solute is high in compartment B and
low in compartment A. So, water moves from A to B through
semipermeable membrane. In (ll), entrance of water into B
exerts osmotic pressure.



(proteins) of the plasma is known as oncotic pressure
and it is about 25 mm Hg.

Types of Osmosis

Osmosis across the cell membrane is of two types:
1. Endosmosis: Movement of water into the cell
2. Exosmosis: Movement of water out of the cell.

B ACTIVE TRANSPORT

Active transport is the movement of substances against
the chemical or electrical or electrochemical gradient.
It is like swimming against the water tide in a river. It is
also called uphill transport. Active transport requires
energy, which is obtained mainly by breakdown of
high energy compounds like adenosine triphosphate
(ATP).

Active Transport vs Facilitated Diffusion

Active transport mechanism is different from facilitated
diffusion by two ways:

1. Carrier protein of active transport needs energy,
whereas the carrier protein of facilitated diffusion
does not need energy

2. In active transport, the substances are transported
against the concentration or electrical or electro-
chemical gradient. In facilitated diffusion, the subs-
tances are transported along the concentration or
electrical or electrochemical gradient.

B CARRIER PROTEINS OF ACTIVE TRANSPORT

Carrier proteins involved in active transport are of two
types:

1. Uniport

2. Symport or antiport.

1. Uniport

Carrier protein that carries only one substance in a
single direction is called uniport. It is also known as
uniport pump.

2. Symport or Antiport

Symport or antiport is the carrier protein that transports
two substances at a time.

Carrier protein that transports two different
substances in the same direction is called symport
or symport pump. Carrier protein that transports two
different substances in opposite directions is called
antiport or antiport pump.
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B MECHANISM OF ACTIVE TRANSPORT

When a substance to be transported across the cell
membrane comes near the cell, it combines with
the carrier protein of the cell membrane and forms
substance-protein complex. This complex moves
towards the inner surface of the cell membrane. Now,
the substance is released from the carrier proteins. The
same carrier protein moves back to the outer surface of
the cell membrane to transport another molecule of the
substance.

B SUBSTANCES TRANSPORTED BY
ACTIVE TRANSPORT

Substances, which are transported actively, are in ionic
form and non-ionic form. Substances in ionic form are
sodium, potassium, calcium, hydrogen, chloride and
iodide. Substances in non-ionic form are glucose, amino
acids and urea.

B TYPES OF ACTIVE TRANSPORT

Active transport is of two types:
1. Primary active transport
2. Secondary active transport.

B PRIMARY ACTIVE TRANSPORT

Primary active transport is the type of transport
mechanism in which the energy is liberated directly from
the breakdown of ATP. By this method, the substances
like sodium, potassium, calcium, hydrogen and chloride
are transported across the cell membrane.

Primary Active Transport of Sodium and
Potassium: Sodium-Potassium Pump

Sodium and potassium ions are transported across the
cell membrane by means of a common carrier protein
called sodium-potassium (Na*-K*) pump. It is also called
Na*-K* ATPase pump or Na*-K* ATPase. This pump
transports sodium from inside to outside the cell and
potassium from outside to inside the cell. This pump is
present in all the cells of the body.

Na*-K* pump is responsible for the distribution of
sodium and potassium ions across the cell membrane
and the development of resting membrane potential.

Structure of Na*-K* pump

Carrier protein that constitutes Na*-K* pump is made
up of two protein subunit molecules, an a-subunit with
a molecular weight of 100,000 and a B-subunit with a
molecular weight of 55,000. Transport of Na* and K*
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occurs only by a-subunit. The B-subunit is a glycoprotein
the function of which is not clear.
a-subunit of the Na*-K* pump has got six sites:

i. Three receptor sites for sodium ions on the
inner (towards cytoplasm) surface of the protein
molecule

ii. Two receptor sites for potassium ions on the
outer (towards ECF) surface of the protein
molecule

iii. One site for enzyme adenosine triphosphatase
(ATPase), which is near the sites for sodium.

Mechanism of action of Na*-K* pump

Three sodium ions from the cell get attached to the
receptor sites of sodium ions on the inner surface of the
carrier protein. Two potassium ions outside the cell bind
to the receptor sites of potassium ions located on the
outer surface of the carrier protein (Fig. 3.4, Stage 1).

Binding of sodium and potassium ions to carrier
protein activates the enzyme ATPase. ATPase causes
breakdown of ATP into adenosine diphosphate (ADP)
with the release of one high energy phosphate. Now,
the energy liberated causes some sort of conformational
change in the molecule of the carrier protein. Because
of this, the outer surface of the molecule (with potassium
ions) now faces the inner side of the cell. And, the inner
surface of the protein molecule (with sodium ions)
faces the outer side of the cell (Fig. 3.4, Stage 2). Now,
dissociation and release of the ions take place so that
the sodium ions are released outside the cell (ECF) and
the potassium ions are released inside the cell (ICF).
Exact mechanisms involved in the dissociation and
release of ions are not yet known.

Electrogenic activity of Na*-K* pump

Na*-K* pump moves three sodium ions outside the cell
and two potassium ions inside cell. Thus, when the
pump works once, there is a net loss of one positively
charged ion from the cell. Continuous activity of the
sodium-potassium pumps causes reduction in the
number of positively charged ions inside the cell leading
to increase in the negativity inside the cell. This is called
the electrogenic activity of Na*-K* pump.

Abnormalities of Na*-K* Pump

Refer applied physiology of this Chapter.

Transport of Calcium lons

Calcium is actively transported from inside to outside
the cell by calcium pump. Calcium pump is operated by
a separate carrier protein. Energy is obtained from ATP

ECF Kk

FIGURE 3.4: Hypothetical diagram of sodium-potassium
pump. C = carrier protein. Stage 1: Three Na* from ICF and
two K* from ECF bind with ‘C’. Stage 2: Conformational
change occurs in ‘C’ followed by release of Na* into ECF and
K*into ICF

by the catalytic activity of ATPase. Calcium pumps
are also present in some organelles of the cell such
as sarcoplasmic reticulum in the muscle and the
mitochondria of all the cells. These pumps move calcium
into the organelles.

Transport of Hydrogen lons

Hydrogen ion is actively transported across the cell
membrane by the carrier protein called hydrogen pump.
It also obtains energy from ATP by the activity of ATPase.
The hydrogen pumps that are present in two important
organs have some functional significance.

1. Stomach: Hydrogen pumps in parietal cells of the
gastric glands are involved in the formation of
hydrochloric acid (Chapter 38)

2. Kidney: Hydrogen pumps in epithelial cells of distal
convoluted tubules and collecting ducts are involved
in the secretion of hydrogen ions from blood into
urine (Chapter 54).

B SECONDARY ACTIVE TRANSPORT

Secondary active transport is the transport of a subs-
tance with sodium ion, by means of a common carrier
protein. When sodium is transported by a carrier protein,
another substance is also transported by the same
protein simultaneously, either in the same direction (of
sodium movement) or in the opposite direction. Thus,
the transport of sodium is coupled with transport of
another substance.



Secondary active transport is of two types:
1. Cotransport
2. Counter transport.

Sodium Cotransport

Sodium cotransport is the process in which, along with
sodium, another substance is transported by a carrier
protein called symport. Energy for movement of sodium
is obtained by breakdown of ATP. And the energy
released by the movement of sodium is utilized for
movement of another substance.

Substances carried by sodium cotransport are
glucose, amino acids, chloride, iodine, iron and urate.

Carrier protein for sodium cotransport

Carrier protein for the sodium cotransport has two
receptor sites on the outer surface.

Among the two sites, one is for binding of sodium
and another site is for binding of other substance.

Sodium cotransport of glucose

One sodium ion and one glucose molecule from the
ECF bind with the respective receptor sites of carrier
protein of the cell membrane. Now, the carrier protein
is activated. It causes conformational changes in the
carrier protein, so that sodium and glucose are released
into the cell (Fig. 3.5).

Sodium cotransport of glucose occurs during
absorption of glucose from the intestine and reabsorption
of glucose from the renal tubule.

Sodium cotransport of amino acids

Carrier proteins for the transport of amino acids are
different from the carrier proteins for the transport of
glucose. For the transport of amino acids, there are
five sets of carrier proteins in the cell membrane. Each
one carries different amino acids depending upon the
molecular weight of the amino acids.

Sodium cotransport of amino acids also occurs
during the absorption of amino acids from the intestine
and reabsorption from renal tubule.

Sodium Counter Transport

Sodium counter transport is the process by which the

substances are transported across the cell membrane in

exchange for sodium ions by carrier protein called antiport.
Various counter transport systems are:

i. Sodium-calcium counter transport: In this,
sodium and calcium ions move in opposite
directions with the help of a carrier protein. This
type of transport of sodium and calcium ions is
present in all the cells
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Glucose

FIGURE 3.5: Sodium cotransport. A. Na* and glucose from
ECF bind with carrier protein; B. Conformational change
occurs in the carrier protein; C. Na* and glucose are released
into ICF.

ii. Sodium-hydrogen counter transport: In this
system, the hydrogen ions are exchanged for
sodium ions and this occurs in the renal tubular
cells. The sodium ions move from tubular lumen
into the tubular cells and the hydrogen ions
move from tubular cell into the lumen (Figs 3.6
and 3.7)

iii. Other counter transport systems: Other counter
transport systems are sodium-magnesium
counter transport, sodium-potassium counter
transport, calcium-magnesium countertransport,
calcium-potassium counter transport, chloride-
bicarbonate counter transport and chloride-
sulfate counter transport.

B SPECIAL TYPES OF ACTIVE TRANSPORT

In addition to primary and secondary active transport
systems, there are some special categories of active
transport which are generally called the vesicular
transport.

Special categories of active transport:
1. Endocytosis
2. Exocytosis
3. Transcytosis.

B ENDOCYTOSIS

Endocytosis is defined as a transport mechanism
by which the macromolecules enter the cell. Macro-
molecules (substances with larger molecules) cannot
pass through the cell membrane either by active or by
passive transport mechanism. Such substances are
transported into the cell by endocytosis.
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FIGURE 3.6: Sodium counter transport. A. Na* from ECF
and H* from ICF bind with carrier protein; B. Conformational
change occurs in the carrier protein; C. Na* enters ICF and H*

enters ECF.
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FIGURE 3.7: Sodium cotransport and counter transport
by carrier proteins

Endocytosis is of three types:
1. Pinocytosis
2. Phagocytosis
3. Receptor-mediated endocytosis.

1. Pinocytosis

Pinocytosis is a process by which macromolecules
like bacteria and antigens are taken into the cells. It is

otherwise called the cell drinking.
Mechanism of pinocytosis

Pinocytosis involves following events:

i. Macromolecules (in the form of droplets of fluid)
bind to the outer surface of the cell membrane
ii. Now, the cell membrane evaginates around the
droplets
iii. Droplets are engulfed by the membrane
iv. Engulfed droplets are converted into vesicles
and vacuoles, which are called endosomes (Fig.
3.8)
v. Endosome travels into the interior of the cell
vi. Primary lysosome in the cytoplasm fuses with
endosome and forms secondary lysosome
vii. Now, hydrolytic enzymes present in the
secondary lysosome are activated resulting in
digestion and degradation of the endosomal
contents.

2. Phagocytosis

Phagocytosis is the process by which particles larger
than the macromolecules are engulfed into the cells.
It is also called cell eating. Larger bacteria, larger
antigens and other larger foreign bodies are taken
inside the cell by means of phagocytosis. Only few cells
in the body like neutrophils, monocytes and the tissue
macrophages show phagocytosis. Among these cells,
the macrophages are the largest phagocytic cells.

Mechanism of phagocytosis

i. When bacteria or foreign body enters the body,
first the phagocytic cell sends cytoplasmic
extension (pseudopodium) around bacteria or
foreign body

ii. Then, these particles are engulfed and
are converted into endosome like vacuole.
Vacuole is very large and it is usually called the
phagosome

iii. Phagosome travels into the interior of cell
iv. Primary lysosome fuses with this phagosome
and forms secondary lysosome

v. Hydrolytic enzymes present in the secondary
lysosome are activated resulting in digestion
and degradation of the phagosomal contents
(Fig. 3.9).
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FIGURE 3.8: Process of pinocytosis
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FIGURE 3.9: Process of phagocytosis

3. Receptor-mediated Endocytosis

Receptor-mediated endocytosis is the transport of
macromolecules with the help of a receptor protein.
Surface of cell membrane has some pits which contain a
receptor protein called clathrin. Together with a receptor
protein (clathrin), each pit is called receptor-coated pit.
These receptor-coated pits are involved in the receptor-
mediated endocytosis (Fig. 3.10).

Mechanism of receptor-mediated endocytosis

i. Receptor-mediated endocytosis is induced by
substances like ligands (Fig. 3.10-i)

ii. Ligand molecules approach the cell and bind
to receptors in the coated pits and form ligand-
receptor complex (Fig. 3.10-ii)

iii. Ligand-receptor complex gets aggregated in the
coated pits. Then, the pit is detached from cell
membrane and becomes the coated vesicle.
This coated vesicle forms the endosome (Fig.
3.10-iii)

iv. Endosome travels into the interior of the cell.
Primary lysosome in the cytoplasm fuses with
endosome and forms secondary lysosome (Fig.
3.10-iv)
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v. Now, the hydrolytic enzymes present in second-
ary lysosome are activated resulting in release
of ligands into the cytoplasm (Fig. 3.10-v)

vi. Receptor may move to a new pit of the cell

membrane (Fig. 3.10-vi).

Receptor-mediated endocytosis play an important
role in the transport of several types of macromolecules
into the cells, viz.

i. Hormones: Growth hormone, thyroid stimulating
hormone, luteinizing hormone, prolactin, insulin,
glucagon, calcitonin and catecholamines

ii. Lipids: Cholesterol and low-density lipoproteins
(LDL)

iii. Growth factors (GF): Nerve GF, epidermal GF,

platelet-derived GF, interferon

iv. Toxins and bacteria: Cholera toxin, diphtheria

toxin, pseudomonas toxin, recin and
concanavalin A

v. Viruses: Rous sarcoma virus, semliki forest
virus, vesicular stomatitis virus and adenovirus

vi. Transport proteins: Transferrin and

transcobalamine

vii. Antibodies: IgE, polymeric IgG and maternal

lgG.

Some of the receptor-coated pits in cell membrane
are coated with another protein called caveolin instead
of clathrin. Caveolin-coated pits are concerned with the
transport of vitamins into the cell.

B EXOCYTOSIS

Exocytosis is the process by which the substances are
expelled from the cell. In this process, the substances
are extruded from cell without passing through the cell
membrane. This is the reverse of endocytosis.

New pit coated with receptor

v Vi

Secondary lysosome

FIGURE 3.10: Mechanism of receptor-mediated endocytosis. The numbering of each figure
corresponds with the numbers used in the text.
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FIGURE 3.11: Process of exocytosis

Mechanism of Exocytosis

Exocytosis is involved in the release of secretory
substances from cells. Secretory substances of the
cell are stored in the form of secretory vesicles in the
cytoplasm. When required, the vesicles approach the
cell membrane and get fused with the cell membrane.
Later, the contents of the vesicles are released out of
the cell (Fig. 3.11).

Role of Calcium in Exocytosis

Calcium ions play an important role during the release of
some secretory substances such as neurotransmitters.
The calcium ions enter the cell and cause exocytosis.
However, the exact mechanism of exocytosis is not clear.

B TRANSCYTOSIS

Transcytosis is a transport mechanism in which an
extracellular macromolecule enters through one side of
a cell, migrates across cytoplasm of the cell and exits
through the other side.

Mechanism of Transcytosis

Cell encloses the extracellular substance by invagination
of the cell membrane to form a vesicle. Vesicle then
moves across the cell and thrown out through opposite
cell membrane by means of exocytosis. Transcytosis
involves the receptor-coated pits as in receptor-mediated
endocytosis. Receptor protein coating the pits in this
process is caveolin and not clathrin. Transcytosis is also
called, vesicle trafficking or cytopempsis.

Transcytosis plays an important role in selectively
transporting the substances between two environments
across the cells without any distinct change in the
composition of these environments. Example of this type
of transport is the movement of proteins from capillary
blood into interstitial fluid across the endothelial cells of

the capillary. Many pathogens like human immunodefici-
ency virus (HIV) are also transported by this mechanism.

B MOLECULAR MOTORS

Molecular motors are the protein-based molecular
machines that perform intracellular movements in
response to specific stimuli.

B FUNCTIONS OF MOLECULAR MOTORS

1. Transport of synaptic vesicles containing neuro-
transmitters from the nerve cell body to synaptic
terminal

2. Role in cell division (mitosis and meiosis) by pulling
the chromosomes

3. Transport of viruses and toxins to the interior of the
cell for its own detriment.

B TYPES OF MOLECULAR MOTORS

Molecular motors are classified
families:

1. Kinesin

2. Dynein

3. Myosin.

into three super

1. Kinesin

Kinesin transports substances by moving over the
microtubules. Each kinesin molecule has two heads and
a tail portion. One of the heads hydrolyses ATP to obtain
energy. By utilizing this energy, the other head swings
continuously causing movement of the whole kinesin
molecule (Fig. 3.12). End portion of the tail carries
the cargo (substances to be transported). Kinesin is
responsible for anterograde transport (transport of
substances towards the positive end of microtubule).

2. Dynein

Dynein is almost similar to kinesin and transports
substances by moving over the microtubules. But it
is responsible for retrograde transport (transport of
substances towards the negative end of microtubule).

3. Myosin

Myosin transports substances by moving over microfila-
ments. Myosins are classified into 18 types according
to the amino acid sequence. However, myosin Il and
V are functionally significant. Myosin Il is involved in
muscle contraction (Chapter 31). Myosin V is involved
in transport of vesicles.



B APPLIED PHYSIOLOGY

B ABNORMALITIES OF SODIUM-
POTASSIUM PUMP

Abnormalities in the number or function of Na*-K* pump
are associated with several pathological conditions.
Important examples are:

1. Reduction in either the number or concentration
of Na*-K* pump in myocardium is associated with
cardiac failure

2. Excess reabsorption of sodium in renal tubules is
associated with hypertension.

B CHANNELOPATHIES OR ION
CHANNEL DISEASES

Channelopathies or ion channel diseases are caused
by mutations in genes that encode the ion channels.

1. Sodium Channel Diseases

Dysfunction of sodium channels leads to muscle spasm
and Liddle’s syndrome (dysfunction of sodium channels
in kidney resulting in increased osmotic pressure in the
blood and hypertension).
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FIGURE 3.12: Kinesin and dynein motor molecules

2. Potassium Channel Diseases

Potassium channel dysfunction causes disorders of
heart, inherited deafness and epileptic seizures in
newborn.

3. Chloride Channel Diseases

Dysfunction of chloride channels results in formation
of renal stones and cystic fibrosis. Cystic fibrosis is
a generalized disorder affecting the functions of many
organs such as lungs (due to excessive mucus),
exocrine glands like pancreas, biliary system and
immune system.
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B INTRODUCTION

‘Homeostasis’ refers to the maintenance of constant
internal environment of the body (homeo = same; stasis
= standing). Importance of internal environment was
notified by the great biologist of 19th century Claude
Bernard. He enlightened the fact that multicellular
organisms including man live in a perfectly organized and
controlled internal environment, which he called ‘milieu
interieur’. The word ‘homeostasis’ was introduced by
Harvard Professor, Walter B Cannon in 1930.

Internal environment in the body is the extracellular
fluid (ECF) in which the cells live. It is the fluid outside
the cell and it constantly moves throughout the body. It
includes blood, which circulates in the vascular system
and fluid present in between the cells called interstitial
fluid. ECF contains nutrients, ions and all other
substances necessary for the survival of the cells.

Normal healthy living of large organisms including
human beings depends upon the constant maintenance
of internal environment within the physiological limits. If
the internal environment deviates beyond the set limits,
body suffers from malfunction or dysfunction. Therefore,
the ultimate goal of an organism is to have a normal
healthy living, which is achieved by the maintenance of
internal environment within set limits.

The concept of homeostasis forms basis of phy-
siology because it explains why various physiological
functions are to be maintained within a normal range and
in case if any function deviates from this range how it is

brought back to normal. Understanding the concept of
homeostasis also forms the basis for clinical diagnostic
procedures. For example, increased body temperature
beyond normal range as in the case of fever, indicates
that something is wrong in the heat production-heat loss
mechanism in the body. It induces the physician to go
through the diagnostic proceedings and decide about
the treatment.

For the functioning of homeostatic mechanism, the
body must recognize the deviation of any physiological
activity from the normal limits. Fortunately, body is
provided with appropriate detectors or sensors, which
recognize the deviation. These detectors sense the
deviation and alertthe integrating center. The integrating
center immediately sends information to the concerned
effectors to either accelerate or inhibit the activity so
that the normalcy is restored.

B ROLE OF VARIOUS SYSTEMS OF THE
BODY IN HOMEOSTASIS

One or more systems are involved in homeostatic
mechanism of each function. Some of the functions in
which the homeostatic mechanism is well established
are given below:

1. The pH of the ECF has to be maintained at the
critical value of 7.4. The tissues cannot survive if
it is altered. Thus, the decrease in pH (acidosis)
or increase in pH (alkalosis) affects the tissues
markedly. The respiratory system, blood and kidney
help in the regulation of pH.



. Body temperature must be maintained at 37.5°C.
Increase or decrease in temperature alters the
metabolic activities of the cells. The skin, respiratory
system, digestive system, excretory system,
skeletal muscles and nervous system are involved
in maintaining the temperature within normal limits.
. Adequate amount of nutrients must be supplied
to the cells. Nutrients are essential for various
activities of the cell and growth of the tissues. These
substances also form the source of energy required
for various activities of the cells. Nutrients must be
digested, absorbed into the blood and supplied to
the cells. Digestive system and circulatory system
play major roles in the supply of nutrients.

. Adequate amount of oxygen should be made
available to the cells for the metabolism of the
nutrients. Simultaneously, the carbon dioxide and
other metabolic end products must be removed.
Respiratory system is concerned with the supply of
oxygen and removal of carbon dioxide. Kidneys and
other excretory organs are involved in the excretion
of waste products.

. Many hormones are essential for the metabolism of
nutrients and other substances necessary for the
cells. Hormones are to be synthesized and released
from the endocrine glands in appropriate quantities
and these hormones must act on the body cells
appropriately. Otherwise, it leads to abnormal signs
and symptoms.

. Water and electrolyte balance should be maintained
optimally. Otherwise it leads to dehydration or
water toxicity and alteration in the osmolality of
the body fluids. Kidneys, skin, salivary glands and
gastrointestinal tract take care of this.

. For all these functions, the blood, which forms the
maijor part of internal environment, must be normal.
It should contain required number of normal red
blood cells and adequate amount of plasma with
normal composition. Only then, it can transport the
nutritive substances, respiratory gases, metabolic
and other waste products.

. Skeletal muscles are also involved in homeostasis.
This system helps the organism to move around in
search of food. It also helps to protect the organism
from adverse surroundings, thus preventing damage
or destruction.

. Central nervous system, which includes brain
and spinal cord also, plays an important role in
homeostasis. Sensory system detects the state
of the body or surroundings. Brain integrates and
interprets the pros and cons of these information
and commands the body to act accordingly through
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FIGURE 4.1: Components of homeostatic system

motor system so that, the body can avoid the
damage.

10. Autonomic nervous system regulates all the
vegetative functions of the body essential for
homeostasis.

B COMPONENTS OF HOMEOSTATIC SYSTEM

Homeostatic system in the body acts through self-
regulating devices, which operate in a cyclic manner
(Fig. 4.1). This cycle includes four components:
1. Sensors or detectors, which recognize the
deviation
2. Transmission of this message to a control center
3. Transmission of information from the control center
to the effectors for correcting the deviation
Transmission of the message or information may
be an electrical process in the form of impulses
through nerves or a chemical process mainly in the
form of hormones through blood and body fluids
4. Effectors, which correct the deviation.

B MECHANISM OF ACTION OF
HOMEOSTATIC SYSTEM

Homeostatic mechanism in the body is responsible
for maintaining the normalcy of various body systems.
Whenever there is any change in behavioral pattern
of any system, the effectors bring back the normalcy
either by inhibiting and reversing the change or by
supporting and accelerating the change depending
upon requirement of the situation. This is achieved by
means of feedback signals.
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Feedback is a process in which some proportion of
the output signal of a system is fed (passed) back to the
input. This is done more often intentionally in order to
control the behavior pattern of the system. Whenever
any change occurs, system receives and reacts to two
types of feedback:

1. Negative feedback
2. Positive feedback.

B NEGATIVE FEEDBACK

Negative feedback is the one to which the system
reacts in such a way as to arrest the change or reverse
the direction of change. After receiving a message,
effectors send negative feedback signals back to the
system. Now, the system stabilizes its own function and
makes an attempt to maintain homeostasis.
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FIGURE 4.2: Negative feedback mechanism — secretion of thyroxine.
TSH = Thyroid-stimulating hormone.
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FIGURE 4.4: Positive feedback mechanism — coagulation of
blood. Once formed, thrombin induces the formation of more
prothrombin activator.

Many homeostatic mechanisms in the body function
through negative feedback. For example, thyroid-stimu-
lating hormone (TSH) released from pituitary gland stimu-
lates thyroid gland to secrete thyroxine. When thyroxine
level increases in blood, it inhibits the secretion of TSH
from pituitary so that, the secretion of thyroxin from thyroid
gland decreases (Fig. 4.2). On the other hand, if thyroxine
secretion is less, its low blood level induces pituitary
gland to release TSH. Now, TSH stimulates thyroid
gland to secrete thyroxine (Refer Chapter 67 for details).
Another example for negative feedback mechanism is
maintenance of water balance in the body (Fig. 4.3).

B POSITIVE FEEDBACK

Positive feedback is the one to which the system reacts
in such a way as to increase the intensity of the change
in the same direction. Positive feedback is less common
than the negative feedback. However, it has its own
significance particularly during emergency conditions.
One of the positive feedbacks occurs during the
blood clotting. Blood clotting is necessary to arrest
bleeding during injury and it occurs in three stages.
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FIGURE 4.5: Positive feedback mechanism — parturition

The three stages are:

i. Formation of prothrombin activator

ii. Conversion of prothrombin into thrombin

iii. Conversion of fibrinogen into fibrin.

Thrombin formed in the second stage stimulates
the formation of more prothrombin activator in addition
to converting fibrinogen into fibrin (Fig. 4.4). It causes
formation of more and more amount of prothrombin
activator so that the blood clotting process is accelerated
and blood loss is prevented quickly (Chapter 20). Other
processes where positive feedback occurs are milk
ejection reflex (Chapter 66) and parturition (Fig. 4.5)
(Chapter 84) and both the processes involve oxytocin
secretion.
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B INTRODUCTION

Acid-base balance is very important for the homeostasis
of the body and almost all the physiological activities
depend upon the acid-base status of the body. Acids
are constantly produced in the body. However, the acid
production is balanced by the production of bases so
that the acid-base status of the body is maintained.

An acid is the proton donor (the substance that
liberates hydrogen ion). A base is the proton acceptor
(the substance that accepts hydrogen ion).

In spite of continuous production of acids in the
body, the concentration of free hydrogen ion is kept
almost constant at a pH of 7.4 with slight variations.

B HYDROGEN ION AND pH

Hydrogenion (H*) contains only asingle proton (positively
charged particle), which is not orbited by any electron.
Therefore, it is the smallest ionic particle. However, it is
highly reactive. Because of this, the H* shows severe
effects on the physiological activities of the body even at

low concentrations. The normal H* concentration in the
extracellular fluid (ECF) is 38 to 42 nM/L.

The pH is another term for H* concentration that
is generally used nowadays instead of ‘hydrogen ion
concentration’. The pH scale was introduced in order
to simplify the mathematical handling of large numbers.

Negative logarithm of H* concentration is taken for
calculating the pH as given below.

1
pH = IogH—+

An increase in H* ion concentration decreases
the pH (acidosis) and a reduction in H* concentration
increases the pH (alkalosis). An increase in pH by one-
fold requires a tenfold decrease in H* concentration
(Table 5.1).

In a healthy person, the pH of the ECF is 7.40 and it
varies between 7.38 and 7.42. The maintenance of acid-
base status is very important for homeostasis, because
even a slight change in pH below 7.38 or above 7.42 will
cause serious threats to many physiological functions.



TABLE 5.1: Hydrogen ion concentration and pH

H* (nM/L) pH
10,000 5.0
1,000 6.0
100 7.0

10 8.0

1 9.0

B DETERMINATION OF ACID-BASE STATUS

It is difficult to determine the acid-base status in the
ECF by direct methods. So, an indirect method is
followed by using Henderson-Hasselbalch equation. In
this, to determine the pH of a fluid, the concentration of
bicarbonate ions (HCO,") and the CO, dissolved in the
fluid are measured. The pH is calculated as follows:

HCO

- 3
pH pK + log co,
Where, pK is constant with pH of 6.1
Thus,
_ HCO3;
pH = 6.1+ log co,

Inaddition tothis, the pH of plasmais also determined
by using an instrument called pH meter.

Normal acid-base ratio is 1:20, i.e. the ratio of 1 part
of CO, (derived from H,CO,) and 20 parts of HCO,".
If this ratio is altered, the pH also is altered leading to
either acidosis or alkalosis.

Thus, the pH of arterial blood is an indirect
measurement of H* concentration and it reflects the
balance of CO, and HCO,".

B REGULATION OF ACID-BASE BALANCE

Body is under constant threat of acidosis because of
the production of large amount of acids. Generally, two
types of acids are produced in the body:

1. Volatile acids

2. Non-volatile acids.

1. Volatile Acids

Volatile acids are derived from CO,. Large quantity of
CO, is produced during the metabolism of carbohydrates
and lipids. This CO, is not a threat because it is almost
totally removed through expired air by lungs.

2. Non-volatile Acids

Non-volatile acids are produced during the metabolism
of other nutritive substances such as proteins. These

Chapter 5 4 Acid-base Balance 43

acids are real threat to the acid-base status of the
body. For example, sulfuric acid is produced during the
metabolism of sulfur containing amino acids such as
cysteine and metheonine; hydrochloric acid is produced
during the metabolism of lysine, arginine and histidine.
Fortunately, body is provided with the best regulatory
mechanisms to prevent the hazards of acid production.

Compensatory Mechanism

Whenever there is a change in pH beyond the normal
range, some compensatory changes occur in the body
to bring the pH back to normal level. The body has three
different mechanisms to regulate acid-base status:

1. Acid-base buffer system, which binds free H*

2. Respiratory mechanism, which eliminates CO,

3. Renal mechanism, which excretes H* and conserves

the bases (HCO,").

Among the three mechanisms, the acid-base buffer
system is the fastest one and it readjusts the pH within
seconds. The respiratory mechanism does it in minutes.
Whereas, the renal mechanism is slower and it takes
few hours to few days to bring the pH back to normal.
However, the renal mechanism is the most powerful
mechanism than the other two in maintaining the acid-
base balance of the body fluids.

B REGULATION OF ACID-BASE BALANCE
BY ACID-BASE BUFFER SYSTEM

H DEFINITION

An acid-base buffer system is the combination of a
weak acid (protonated substance) and a base — the salt
(unprotonated substance). Buffer system is the one,
which acts immediately to prevent the changes in pH.
Buffer system maintains pH by binding with free H*.

Types of Buffer Systems

Body fluids have three types of buffer systems, which
act under different conditions:

1. Bicarbonate buffer system

2. Phosphate buffer system

3. Protein buffer system.

1. Bicarbonate Buffer System

Bicarbonate buffer system is present in ECF (plasma).
It consists of the protonated substance, carbonic acid
(H,CO,) which is a weak acid and the unprotonated
substance, HCO,~ which is a weak base. HCO," is in
the form of salt, i.e. sodium bicarbonate (NaHCO,).
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Mechanism of action of bicarbonate buffer system

Bicarbonate buffer system prevents the fall of pH in a
fluid to which a strong acid like hydrochloric acid (HCI)
is added.

Normally, when HCI is mixed with a fluid, pH of
that fluid decreases quickly because the strong HCI
dissociates into H* and CI-.

But, if bicarbonate buffer system (NaHCO,) is
added to the fluid with HCI, the pH is not altered much.
This is because the H* dissociated from HCI combines
with HCO,~ of NaHCO, and forms a weak H,CO,. This
H,CQO, in turn dissociates into CO, and H,O.

HCI + NaHCO, — H,CO, + NaCl

CO, +H,0

Bicarbonate buffer system also prevents the
increase in pH in a fluid to which a strong base like
sodium hydroxide (NaOH) is added.

Normally, when a base (NaOH) is added to a fluid,
pH increases. It is prevented by adding H,CO,, which
dissociates into H* and HCO,". The hydroxyl group (OH)
of NaOH combines with H* and forms H,0O. And Na*
combines with HCO,~ and forms NaHCO,. NaHCO, is
a weak base and it prevents the increase in pH by the
strong NaOH.

As sodium bicarbonate is a very weak base, its
association with H* is poor. So the rise in pH of the fluid
is very mild.

Importance of bicarbonate buffer system

Bicarbonate buffer system is not powerful like the other
buffer systems because of the large difference between
the pH of ECF (7.4) and the pK of bicarbonate buffer
system (6.1). But this buffer system plays an important
role in maintaining the pH of body fluids than the other
buffer systems. It is because the concentration of two
components (HCO,~ and CO,) of this buffer system is
regulated separately by two different mechanisms.

Concentration of HCO,™ is regulated by kidney and
the concentration of CO, is regulated by the respiratory
system. These two regulatory mechanisms operate con-
stantly and simultaneously, making this system more
effective.

2. Phosphate Buffer System

This system consists of a weak acid, the dihydrogen
phosphate (H,PO, — protonated substance) in the
form of sodium dihydrogen phosphate (NaH,PO,) and
the base, hydrogen phosphate (HPO, — unprotonated
substance) in the form of disodium hydrogen phosphate
(Na,HPO,).

Phosphate buffer system is useful in the intracellular
fluid (ICF), in red blood cells or other cells, as the concen-
tration of phosphate is more in ICF than in ECF.

Mechanism of phosphate buffer system

When a strong acid like hydrochloric acid is mixed with
a fluid containing phosphate buffer, sodium dihydrogen
phosphate (NaH,PO, — weak acid) is formed. This
permits only a mild change in the pH of the fluid.

HCI + Na,HPO, — NaH,PO, + NaCl
(strong acid) (weak acid)

If a strong base such as sodium hydroxide (NaOH)
is added to the fluid containing phosphate buffer, a weak
base called disodium hydrogen phosphate (Na,HPO,) is
formed. This prevents the changes in pH.

NaOH + NaH,PO, — NaHPO, + H,0
(strong base) (weak base)

Importance of phosphate buffer system

Phosphate buffer system is more powerful than
bicarbonate buffer system as it has a pK of 6.8, which
is close to the pH of the body fluids, i.e. 7.4. In addition
to ICF, phosphate buffer is useful in tubular fluids of
kidneys also. It is because more phosphate ions are
found in tubular fluid.

Inthe red blood cells, the potassiumion concentration
is higher than the sodium ion concentration. So, the
elements of phosphate buffer inside the red blood cells
are in the form of potassium dihydrogen phosphate
(KH,PO,) and dipotassium hydrogen phosphate
(K,HPO,).

3. Protein Buffer System

Protein buffer systems are present in the blood; both in
the plasma and erythrocytes.

Protein buffer systems in plasma

Elements of proteins, which form the weak acids in the
plasma are:

i. C-terminal carboxyl group, N-terminal amino
group and side-chain carboxyl group of glutamic
acid

ii. Side-chain amino group of lysine

iii. Imidazole group of histidine.

Protein buffer systems in plasma are more powerful
because of their high concentration in plasma and
because of their pK being very close to 7.4.

Protein buffer system in erythrocytes (Hemoglobin)

Hemoglobin is the most effective protein buffer and the
major buffer in blood. Due to its high concentration than



the plasma proteins, hemoglobin has about six times
more buffering capacity than the plasma proteins. The
deoxygenated hemoglobin is a more powerful buffer
than oxygenated hemoglobin because of the higher pK.
When a hemoglobin molecule becomes deoxygenated in
the capillaries, it easily binds with H*, which are released
when CO, enters the capillaries. Thus, hemoglobin
prevents fall in pH when more and more CO, enters the
capillaries.

B REGULATION OF ACID-BASE BALANCE
BY RESPIRATORY MECHANISM

Lungs play an important role in the maintenance of
acid-base balance by removing CO, which is produced
during various metabolic activities in the body. This CO,
combines with water to form carbonic acid.

Since carbonic acid is unstable, it splits into H* and
HCO,".

CO, + H,0 — H,CO, — H* + HCO,

Entire reaction is reversed in lungs when CO,
diffuses from blood into the alveoli of lungs.

H* + HCO,” — H,CO, — CO, + H,0

And CO, is blown off by ventilation (Chapter 125).

When metabolic activities increase, more amount of
CO, is produced in the tissues and the concentration of
H* increases as seen above. Increased H* concentration
increases the pulmonary ventilation (hyperventilation)
by acting through the chemoreceptors (Chapter 126).
Due to hyperventilation, the excess of CO, is removed
from the body.

B REGULATION OF ACID-BASE BALANCE BY
RENAL MECHANISM

Kidney maintains the acid-base balance of the body by
the secretion of H* and by the retention of HCO, (Fig.
5.1). Details are given in Chapter 54.

Chapter 5 4 Acid-base Balance 45
B APPLIED PHYSIOLOGY — DISTURBANCES
OF ACID-BASE STATUS

B ACIDOSIS

Acidosis is the reduction in pH (increase in H*
concentration) below normal range.
Acidosis is produced by:
1. Increase in partial pressure of CO, in the body fluids
particularly in arterial blood
2. Decrease in HCO,™ concentration.

B ALKALOSIS

Alkalosis is the increase in pH (decrease in H* concen-
tration) above the normal range (Table 5.2).

Alkalosis is produced by:

1. Decrease in partial pressure of CO, in the arterial
blood
2. Increase in HCO,~ concentration.

Since the partial pressure of CO, (pCO,) in arterial
blood is controlled by lungs, the acid-base disturbances
produced by the change in arterial pCO, are called the
respiratory disturbances.

On the other hand, the disturbances in acid-base
status produced by the change in HCO,~ concentration
are generally called the metabolic disturbances.

Thus the acid-base disturbances are:
Respiratory acidosis

Respiratory alkalosis

Metabolic acidosis

Metabolic alkalosis.

Pob-=

B RESPIRATORY ACIDOSIS

Respiratory acidosis is the acidosis that is caused
by alveolar hypoventilation. During hypoventilation
the lungs fail to expel CO,, which is produced in the
tissues. CO, is the major end product of oxidation of
carbohydrates, proteins and fats.

Acid-base balance J

v

Blood Buffer System

Bicarbonate buffer system
Phosphate buffer system
Protein buffer system

h

r

Respiratory Mechanism

By removal of
carbon dioxide

v

Renal Mechanism

By excretion of H*
and reabsorption of HCO,

FIGURE 5.1: Regulation of acid-base balance
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CO, accumulates in blood where it reacts with
water to form carbonic acid, which is called respiratory
acid. Carbonic acid dissociates into H* and HCO,". The
increased H* concentration in blood leads to decrease
in pH and acidosis.

Normal partial pressure of CO, in arterial blood is
about 40 mm Hg. When it increases above 60 mm Hg
acidosis occurs.

Causes of Excess CO, in the Body

Hypoventilation (decreased ventilation) is the primary
cause for excess CO, in the body. Some of the conditions
when increase in pCO, and respiratory acidosis occur
due to hypoventilation are listed in Table 5.3.

B RESPIRATORY ALKALOSIS

Respiratory alkalosis is the alkalosis that is caused
by alveolar hyperventilation. Hyperventilation causes
excess loss of CO, from the body. Loss of CO, leads
to decreased formation of carbonic acid and decreased
release of H*. Decreased H* concentration increases
the pH leading to respiratory alkalosis.

When the partial pressure of CO, in arterial blood
decreases below 20 mm Hg, alkalosis occurs.

Causes of Decrease in CO, in the Body

Hyperventilation is primary cause for loss of excess CO,
from the body because during hyperventilation, lotof CO,
is expired through respiratory tract leading to decreased
pCO,. Some of the conditions when decreased pCO,
and respiratory alkalosis occur due to hyperventilation
are given in Table 5.4.

B METABOLIC ACIDOSIS

Metabolic acidosis is the acid-base imbalance
characterized by excess accumulation of organic acids
in the body, which is caused by abnormal metabolic
processes. Organic acids such as lactic acid, ketoacids
and uric acid are formed by normal metabolism. The
guantity of these acids increases due to abnormality in
the metabolism.

Causes of Metabolic Acidosis

Lactic acid

The amount of lactic acid increases during anaerobic
glycolysis in some abnormal conditions such as
circulatory shock.

TABLE 5.2: Biochemical changes in arterial blood during acid-base disturbance

Acidosis Alkalosis
Parameter
H* Increases Increases Decreases Decreases
pH Decreases Decreases Increases Increases
pCO, Increases Decreases Decreases Increases
HCO, Increases slightly Decreases very much Decreases slightly Increases very much

TABLE 5.3: Causes of acidosis

Respiratory acidosis Metabolic acidosis

1. Airway obstruction due to bronchitis, bronchospasm,

1. Lactic acidosis as in circulatory shock
emphysema, etc.

2. Lung diseases like fibrosis, pneumonia, etc. 2. Ketoacidosis as in diabetes mellitus

3. Respiratory center depression by anesthetics, sedatives,

3. Uric acidosis as in renal failure
cerebral trauma, tumors, etc.

4. Extrapulmonary thoracic diseases like flail chest,

kyphosis and scoliosis & (EE [FIEETINE

5. Renal tubular acidosis due to decreased H* excretion

5. Neural diseases like polymyelitis, paralysis of respiratory
muscles 6. Loss of excess HCO,~ due to diarrhea and pancreatic,

intestinal, or biliary fistula
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TABLE 5.4: Causes of alkalosis

Respiratory alkalosis

Metabolic alkalosis

1. Hypoxia as in high altitude, severe anemia and
pulmonary diseases like edema and embolism

2. Increased respiratory drive due to cerebral disturbances,
voluntary hyperventilation and psychological and
emotional trauma

1

. Vomiting and congenital diarrhea

2. Endocrine disorders such as Cushing’s syndrome and

Conn’s syndrome

3. Diuretic therapy

TABLE 5.5: Variations in anion gap

Increase in anion gap Decrease in anion gap

1. Metabolic disorder (inability to metabolize lactic acid)
2. Dehydration

3. Diabetes, starvation, alcoholism (due to increased
production of ketoacid)

4. Renal disease (failure to excrete acids — phosphate and
sulfate)

5. Respiratory disease (production of excess lactic acid due
to inadequate oxygen supply to tissues)

6. Genetic disorder (involving enzymes of carbohydrate
metabolism)

7. Nutritional deficiencies

1.
2.

3.

Hyperchloremic acidosis (increased chloride level in blood)
Hypoalbuminemia (low albumin level in blood)

Multiple myeloma (due to accumulation of anionic proteins)

. Hyponatremia (low blood sodium level)

. Renal disease (loss of excess sodium or potassium
through urine)

. Hyperthyroidism

. Toxicity due to lithium or bromide

Ketoacids

The amount of ketoacids increases because of insulin
deficiency as in the case of diabetes mellitus. In
diabetes mellitus, glucose is not utilized due to lack of
insulin. So, lipids are utilized for liberation of energy
resulting in production of excess acetoacetic acid and
beta hydroxybutyric acid.

Uric acid

The amount of uric acid increases in the body due to
the failure of excretion. Normally uric acid is excreted
by kidneys. But in renal diseases, the kidneys fail to
excrete the uric acid.

Some of the conditions when the metabolic acids
increase in the body resulting in metabolic acidosis are
listed in Table 5.3.

B METABOLIC ALKALOSIS

Metabolic alkalosis is the acid-base imbalance caused
by loss of excess H* resulting in increased HCO,"
concentration. Some of the endocrine disorders, renal
tubular disorders, etc. cause metabolic disorders
leading to loss of H*. It increases HCO,™ and pH in the
body leading to metabolic alkalosis.

Some of the conditions when excess H* is lost and
HCO," content increases leading to metabolic alkalosis
are given in Table 5.4.

B CLINICAL EVALUATION OF
DISTURBANCES IN ACID-BASE
STATUS — ANION GAP

Anion gap is an important measure in the clinical
evaluation of disturbances in acid-base status. Only
few cations and anions are measured during routine
clinical investigations. Commonly measured cation is
sodium and the unmeasured cations are potassium,
calcium and magnesium. Usually measured anions are
chloride and bicarbonate. The unmeasured anions are
phosphate, sulfate, proteins in anionic form such as
albumin and other organic anions like lactate.

Difference between concentrations of unmeasured
anions and unmeasured cations is called anion gap.

It is calculated as:

Aniongap = [Na‘]-[HCO,]1-[CI]

144 — 24 — 108 mEqg/L
12 mEq/L

Normal value of anion gap is 9 to 15 mEq/L. It
increases when concentration of unmeasured anion
increases and decreases when concentration of
unmeasured cations decreases.

Anion gap is a useful measure in the differential
diagnosis (diagnosis of the different causes) of acid-
base disorders particularly the metabolic acidosis.
Variations of anion gap are given in Table 5.5.
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QUESTIONS IN GENERAL PHYSIOLOGY

B LONG QUESTIONS

1.

2.

3.

4.

Describe the mechanism of active transport of
substances through cell membrane.

Describe the mechanism of passive transport of
substances through cell membrane.

Explain the regulation of acid-base balance. Add
a note on disturbances of acid-base balance.
Explain the homeostasis in the body with
suitable examples.

B SHORT QUESTIONS

COXNDORLN =

Cell membrane.

Proteins of cell membrane.

Organelles present in the cytoplasm of the cell.
Endoplasmic reticulum.

Ribosomes.

Mitochondria.

Golgi apparatus.

RNA.

DNA.

Cellular organelles taking part in protective
function.

. Apoptosis.

Cellular necrosis.
Tight junctions.
Gap junctions.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
20.
30.
31.
32.
33.

34.
35.
36.

37.
38.

Passive transport.

Active transport.

Primary active transport.

Secondary active transport.
Sodium-potassium pump.

Simple diffusion through cell membrane.
Facilitated diffusion or carrier-mediated diffusion.
lon channels.

Factors affecting diffusion.

Pinocytosis.

Phagocytosis.

Transcytosis.

Receptor-mediated endocytosis.
Homeostasis.

Components of homeostasis.

Negative feedback.

Positive feedback.

Acid-base buffer system.

Role of blood in the maintenance of acid-base
balance or acid-base buffer system.

Role of lungs in the maintenance of acid-base
balance.

Role of kidneys in the maintenance of acid-base
balance.

Acidosis.

Alkalosis.

Anion gap.
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Body Fluids

Chapter

INTRODUCTION
SIGNIFICANCE
COMPARTMENTS
COMPOSITION
MEASUREMENT
CONCENTRATION

MAINTENANCE OF WATER BALANCE
APPLIED PHYSIOLOGY

B INTRODUCTION

Body is formed by solids and fluids. Fluid part is more
than two third of the whole body. Water forms most of
the fluid part of the body.

In human beings, the total body water varies from
45% to 75% of body weight. In a normal young adult
male, body contains 60% to 65% of water and 35% to
40% of solids. In a normal young adult female, the water
is 50% to 55% and solids are 45% to 50%. In females,
water is less because of more amount of subcutaneous
adipose tissue. In thin persons, water content is more
than that in obese persons. In old age, water content
is decreased due to increase in adipose tissue. Total
quantity of body water in an average human being
weighing about 70 kg is about 40 L.

B SIGNIFICANCE OF BODY FLUIDS

H IN HOMEOSTASIS

Body cells survive in the fluid medium called internal
environment or ‘milieu interieur’. Internal environment
contains substances such as glucose, amino acids,
lipids, vitamins, ions, oxygen, etc. which are essential
for growth and functioning of the cell. Water not only
forms the major constituent of internal environment but
also plays an important role in homeostasis.

B [N TRANSPORT MECHANISM

Body water forms the transport medium by which
nutrients and other essential substances enter the cells;
and unwanted substances come out of the cells. Water
forms an important medium by which various enzymes,
hormones, vitamins, electrolytes and other substances
are carried from one part to another part of the body.

B [N METABOLIC REACTIONS

Water inside the cells forms the medium for various
metabolic reactions, which are necessary for growth and
functional activities of the cells.

B I[N TEXTURE OF TISSUES

Water inside the cells is necessary for characteristic
form and texture of various tissues.

B IN TEMPERATURE REGULATION

Water plays a vital role in the maintenance of normal

body temperature.

B COMPARTMENTS OF BODY FLUIDS —
DISTRIBUTION OF BODY FLUIDS

Total water in the body is about 40 L. It is distributed into
two major compartments:
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1. Intracellular fluid (ICF): 1ts volume is 22 L and it
forms 55% of the total body water

2. Extracellular fluid (ECF): Its volume is 18 L and it
forms 45% of the total body water.

ECF is divided into 5 subunits:

i. Interstitial fluid and lymph (20%)
ii. Plasma (7.5%)
ii. Fluid in bones (7.5%)
iv. Fluid in dense connective tissues like cartilage
(7.5%)
v. Transcellular fluid (2.5%) that includes:
a. Cerebrospinal fluid
b. Intraocular fluid
c. Digestive juices
d. Serous fluid — intrapleural fluid, pericardial
fluid and peritoneal fluid
e. Synovial fluid in joints
f. Fluid in urinary tract.

Volume of interstitial fluid is about 12 L. Volume of
plasma is about 2.75 L. Volume of other subunits of
ECF is about 3.25 L. Water moves between different
compartments (Fig. 6.1).

B COMPOSITION OF BODY FLUIDS

Body fluids contain water and solids. Solids are organic
and inorganic substances.

B ORGANIC SUBSTANCES

Organic substances are glucose, amino acids and other
proteins, fatty acids and other lipids, hormones and
enzymes.

B INORGANIC SUBSTANCES

Inorganic substances present in body fluids are sodium,
potassium, calcium, magnesium, chloride, bicarbonate,
phosphate and sulfate.

ECF contains large quantity of sodium, chloride,
bicarbonate, glucose, fatty acids and oxygen. ICF
contains large quantities of potassium, magnesium,
phosphates, sulfates and proteins. The pH of ECF is
7.4. The pH of ICF is 7.0. Differences between ECF and
ICF are given in Table 6.1.

B MEASUREMENT OF BODY FLUID VOLUME

Total body water and the volume of different compart-
ments of the body fluid are measured by indicator dilution
method or dye dilution method.

Interstitial
fluid B
(azLy:

v

Extracellular fluid (18 L)

(1 22) piny Jejnjjeoeny|

e

Total body water =40 L

FIGURE 6.1: Body fluid compartments and movement of fluid
between different compartments. Other fluids = Transcellular
fluid, fluid in bones and fluid in connective tissue.

B INDICATOR DILUTION METHOD

Principle

A known quantity of a substance such as a dye is
administered into a specific body fluid compartment.
These substances are called the marker substances or
indicators. After administration into the fluid compart-
ment, the substance is allowed to mix thoroughly with
the fluid. Then, a sample of fluid is drawn and the
concentration of the marker substance is determined.
Radioactive substances or other substances whose
concentration can be determined by using colorimeter
are generally used as marker substances (Table 6.2).

Formula to Measure the Volume of Fluid by
Indicator Dilution Method

Quantity of fluid in the compartment is measured using
the formula:



M
V= C
V = Volume of fluid in the compartment.
M = Mass or total quantity of marker substance
injected.
C = Concentration of the marker substance in the
sample fluid

Correction factor

Some amount of marker substance is lost through
urine during distribution. So, the formula is corrected as
follows:

M — Amount of substance excreted
C

Volume =

Uses of Indicator Dilution Method

Indicator dilution or dye dilution method is used to
measure ECF volume, plasma volume and the volume
of total body water.

Characteristics of Marker Substances

Dye or any substance used as a marker substance
should have the following qualities:
1. Must be nontoxic

TABLE 6.1: Differences between extracellular fluid (ECF)
and intracellular fluid (ICF)

Substance ECF ICF
Sodium 142 mEq/L 10 mEg/L
Calcium 5 mEg/L 1 mEqg/L
Potassium 4 mEg/L 140 mEqg/L
Magnesium 3 mEg/L 28 mEq/L
Chloride 103 mEq/L 4 mEq/L
Bicarbonate 28 mEqg/L 10 mEg/L
Phosphate 4 mEg/L 75 mEq/L
Sulfate 1 mEqg/L 2 mEg/L
Proteins 2 g/dL 16 g/dL
Amino acids 30 mg/dL 200 mg/dL
Glucose 90 mg/dL 0-20 mg/dL
Lipids 0.5 g/dL 2-95 g/dL
Partial pressure of 35 mm Hg 20 mm Hg

oxygen
e demmeg sommrg
Water 15t020L (18) 20to 25L (22)
pH 7.4 7.0
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2. Must mix with the fluid compartment thoroughly
within reasonable time

3. Should not be excreted rapidly

4. Should be excreted from the body completely within
reasonable time

5. Should not change the color of the body fluid

6. Should not alter the volume of the body fluid.

Marker Substances Used to
Measure Fluid Compartments

Marker substances used to measure different fluid
compartment are listed in Table 6.2.

B MEASUREMENT OF TOTAL BODY WATER

Volume of total body water (fluid) is measured by using
a marker substance which is distributed through all the
compartments of body fluid. Such substances are listed
in Table 6.2.

Deuterium oxide and tritium oxide mix with fluids
of all the compartments within few hours after injection.
Since plasma is part of total body fluid, the concentration
of marker substances can be obtained from sample of
plasma. The formula for indicator dilution method is
applied to calculate total body water.

Antipyrine is also used to measure total body water.
But as it takes longer time to penetrate various fluid
compartments, the value obtained is slightly low.

B MEASUREMENT OF EXTRACELLULAR
FLUID VOLUME

Substances which pass through the capillary membrane
but do not enter the cells, are used to measure ECF
volume. Such marker substances are listed in Table 6.2.

These substancesremain only in ECFanddonotenter
the cell (ICF). When any of these substances is injected
into blood, it mixes with the fluid of all subcompartments
of ECF within 30 minutes to 1 hour. Indicator dilution
method is applied to calculate ECF volume. Since ECF
includes plasma, the concentration of marker substance
can be obtained in the sample of plasma.

Some of the marker substances like sodium, chloride,
inulin and sucrose diffuse more evenly throughout all
subcompartments of ECF. So, the measured volume of
ECF by using these substances is referred as sodium
space, chloride space, inulin space and sucrose space.

Example for Measurement of ECF Volume

Quantity of sucrose injected (Mass) 150 mg
Urinary excretion of sucrose 10 mg
Concentration of sucrose in plasma : 0.01 mg/mL
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_M
V'C

Mass — Amount lost in urine

Sucrose space - -
Concentration of sucrose in plasma

150 - 10 mg

0.01 mg/mL
14,000 mL

Therefore, the ECF volume = 14 L.

B MEASUREMENT OF PLASMA VOLUME

The substance which binds with plasma proteins strongly
and diffuses into interstitium only in small quantities or
does not diffuse is used to measure plasma volume.
Such substances are listed in Table 6.2.

(Measurement of plasma volume and blood volume
is explained in chapter 23).

B MEASUREMENT OF INTERSTITIAL
FLUID VOLUME

Volume of interstitial fluid cannot be measured directly. It
is calculated from the values of ECF volume and plasma
volume.

Interstitial fluid volume =
ECF volume — Plasma volume

B MEASUREMENT OF INTRACELLULAR
FLUID VOLUME

Volume of ICF cannot be measured directly. It is calcula-
ted from the values of total body water and ECF.

ICF volume = Total fluid volume — ECF volume.

B CONCENTRATION OF BODY FLUIDS

Concentration of body fluids is expressed in three
ways:

1. Osmolality

2. Osmolarity

3. Tonicity.

B OSMOLALITY

Measure of a fluid’s capability to create osmotic pressure
is called osmolality or osmotic (osmolar) concentration
of a solution. In simple words, it is the concentration of
osmotically active substance in the solution. Osmolality
is expressed as the number of particles (osmoles) per
kilogram of solution (osmoles/kg H,O).

TABLE 6.2: Marker substances used to measure body
fluid compartments

Fluid compartment Marker substances

. Deuterium oxide (D,0)
. Tritium oxide (T,0)
. Antipyrine

Total body water

R WN =

. Radioactive sodium, chloride,
bromide, sulfate and thiosulfate.
Non-metabolizable saccharides
like inulin, mannitol, raffinose
and sucrose

Extracellular fluid 2.

N

. Radioactive iodine (*3l)

Plasma 2. Evans blue (T-1824)

B OSMOLARITY

Osmolarity is another term to express the osmotic
concentration. It is the number of particles (osmoles) per
liter of solution (osmoles/L).

Osmotic pressure in solutions depends upon
osmolality. However, in practice, the osmolarity and
not osmolality is considered to determine the osmotic
pressure because of the following reasons:

i. Measurement of weight (kilogram) of water in

solution is a difficult process

ii. Difference between osmolality and osmolarity is

very much negligible and it is less than 1%.

Often, these two terms are used interchangeably.
Change in osmolality of ECF affects the volume of
both ECF and ICF. When osmolality of ECF increases,
water moves from ICF to ECF. When the osmolality
decreases in ECF, water moves from ECF to ICF. Water
movement continues until the osmolality of these two
fluid compartments becomes equal.

Mole and Osmole

A mole (mol) is the molecular weight of a substance in
gram. Millimole (mMol) is 1/1000 of a mole. One osmole
(Osm) is the expression of amount of osmotically active
particles. It is the molecular weight of a substance in
grams divided by number of freely moving particles
liberated in solution of each molecule. One milliosmole
(mOsm) is 1/1000 of an osmole.

B TONICITY

Usually, movement of water between the fluid
compartments is not influenced by small molecules like
urea and alcohol, which cross the cell membrane very
rapidly. These small molecules are called ineffective
osmoles. On the contrary, the larger molecules like



sodium and glucose, which cross the cell membrane
slowly, can influence the movement of water. Therefore,
such molecules are called effective osmoles. Osmolality
thatcausesthe movementof water from one compartment
to another is called effective osmolality and the effective
osmoles are responsible for this.

Tonicity is the measure of effective osmolality. In
terms of tonicity, the solutions are classified into three
categories:

i. Isotonic fluid
ii. Hypertonic fluid
iii. Hypotonic fluid.

i. Isotonic Fluid

Fluid which has the same effective osmolality (tonicity)
as body fluids is called isotonic fluid. Examples are 0.9%
sodium chloride solution (normal saline) and 5% glucose
solution.

Red blood cells or other cells placed in isotonic fluid
(normal saline) neither gain nor lose water by osmosis
(Fig. 6.2). This is because of the osmotic equilibrium
between inside and outside the cell across the cell
membrane.

ii. Hypertonic Fluid

Fluid which has greater effective osmolality than the
body fluids is called hypertonic fluid. Example is 2%
sodium chloride solution.

When red blood cells or other cells are placed in
hypertonic fluid, water moves out of the cells (exosmosis)
resulting in shrinkage of the cells (crenation). Refer
Figure 6.2

iii. Hypotonic Fluid

Fluid which has less effective osmolality than the body
fluids is called hypotonic fluid. Example is 0.3% sodium
chloride solution.

When red blood cells or other cells are placed in
hypotonic fluid, water moves into the cells (endosmosis)
and causes swelling of the cells (Fig. 6.2). Now the red
blood cells become globular (sphereocytic) and get
ruptured (hemolysis).

B MAINTENANCE OF WATER BALANCE

Body has several mechanisms which work together to
maintain the water balance. The important mechanisms
involve hypothalamus (Chapters 4, 149) and kidneys
(Chapter 53).
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Hypotonic Isotonic Hypertonic
solution solution solution
Swollen cells Normal cells Crenated cells

(endosmosis) (exosmosis)

FIGURE 6.2: Effect of isotonic, hypertonic and hypotonic
solutions on red blood cells

B APPLIED PHYSIOLOGY
B DEHYDRATION
Definition

Dehydration is defined as excessive loss of water from
the body. Body requires certain amount of fluid intake
daily for normal functions. Minimum daily requirement
of water intake is about 1 L. This varies with the age
and activity of the individual. The most active individuals
need 2 to 3 L of water intake daily. Dehydration occurs
when fluid loss is more than what is consumed.

Classification

Basically, dehydration is of three types:

1. Mild dehydration: 1t occurs when fluid loss is about
5% of total body fluids. Dehydration is not very
serious and can be treated easily by rehydration.

2. Moderate dehydration: 1t occurs when fluid loss
is about 10%. Dehydration becomes little serious
and immediate treatment should be given by
rehydration.

3. Severe dehydration: 1t occurs when fluid loss is
about 15%. Dehydration becomes severe and
requires hospitalization and emergency treatment.
When fluid loss is more than 15%, dehydration
becomes very severe and life threatening.

On the basis of ratio between water loss and sodium
loss, dehydration is classified into three types:

1. Isotonic dehydration: Balanced loss of water and
sodium as in the case of diarrhea or vomiting.

2. Hypertonic dehydration: Loss of more water than
sodium as in the case of fever.

3. Hypotonic dehydration: Loss of more sodium than
water as in the case of excess use of diuretics.
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Causes

1. Severe diarrhea and vomiting due to gastrointestinal
disorders

2. Excess urinary output due to renal disorders

3. Excess loss of water through urine due to endocrine

disorders such as diabetes mellitus, diabetes

insipidus and adrenal insufficiency

Insufficient intake of water

5. Prolonged physical activity without consuming
adequate amount of water in hot environment

6. Excess sweating leading to heat frustration
(extreme loss of water, heat and energy). Severe
sweating and dehydration occur while spending
longer periods on regular basis in the saunas

7. Use of laxatives or diuretics in order to lose weight
quickly. This is common in athletes.

»

Signs and Symptoms

Mild and moderate dehydration

Dryness of the mouth
Excess thirst

Decrease in sweating
Decrease in urine formation
Headache

Dizziness

Weakness

Cramps in legs and arms.

Noogap,rwdpE
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Severe dehydration

1. Decrease in blood volume
2. Decrease in cardiac output
3. Low blood pressure

4. Hypovolemic cardiac shock
5. Fainting.

Very severe dehydration

1. Damage of organs like brain, liver and kidneys
2. Mental depression and confusion

3. Renal failure

4. Convulsions

5. Coma.

Dehydration in Infants

Infants suffering from severe diarrhea and vomiting
caused by bacterial or viral infection, develop dehydra-
tion. It becomes life threatening if the lost body fluids are
not replaced. This happens when parents are unable to
recognize the signs.

Aging Effects on Dehydration

Elders are at higher risk for dehydration even if they
are healthy. It is because of increased fluid loss and
decreased fluid intake. In some cases, severe dehydra-
tion in old age may be fatal.

Treatment

Treatment depends upon the severity of dehydration. In
mild dehydration, the best treatment is drinking of water
and stopping fluid loss. However, in severe dehydration
drinking water alone is ineffective because it cannot
compensate the salt loss. So the effective treatment for
severe dehydration is oral rehydration therapy.

Oral rehydration therapy

Oral rehydration therapy (ORT) is the treatment for
dehydration in which a oral rehydration solution (ORS)
is administered orally. ORS was formulated by World
Health Organization (WHO). This solution contains
anhydrous glucose, sodium chloride, potassium chloride
and trisodium citrate.

In case of very severe dehydration, proper treatment
is the intravenous administration of necessary water and
electrolytes.

B WATER INTOXICATION OR OVERHYDRATION
Definition

Water intoxication is the condition characterized by great
increase in the water content of the body. It is also called
overhydration, hyperhydration, water excess or water
poisoning.

Causes

Water intoxication occurs when more fluid is taken than
that can be excreted. Water intoxication due to drinking
excess water is rare when the body’s systems are
functioning normally. But there are some conditions that
can produce water intoxication.
1. Heart failure in which heart cannot pump blood
properly
2. Renal disorders in which kidney fails to excrete
enough water in urine
3. Hypersecretion of antidiuretic hormone as in the
case of syndrome of inappropriate hypersecretion
of antidiuretic hormone (SIADH)
4. Intravenous administration of unduly large amount
of medications and fluids than the person’s body
can excrete



5.

7.

Infants have greater risk of developing water
intoxication in the first month of life, when the filtration
mechanism of the kidney is underdeveloped and
cannot excrete the fluid rapidly

Water intoxication is also common in children having
swimming practice, since they are more prone to
drink too much of water while swimming

An adult (whose heart and kidneys are functioning
normally) can develop water intoxication, if the
person consumes about 8 L of water everyday
regularly.

Sighs and Symptoms

1.

Since the brain is more vulnerable to the effects of
water intoxication, behavioral changes appear first
Person becomes drowsy and inattentive

Nausea and vomiting occur

There is sudden loss of weight, followed by weak-
ness and blurred vision

Anemia, acidosis, cyanosis, hemorrhage and shock
are also common

6.

7.
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Muscular symptoms such as weakness, cramps,

twitching, poor coordination and paralysis develop

Severe conditions of water intoxication result in:

i. Delirium (extreme mental condition characterized
by confused state and illusion)

ii. Seizures (sudden uncontrolled involuntary mus-
cular contractions)

iii. Coma (profound state of unconsciousness, in
which the person fails to respond to external
stimuli and cannot perform voluntary actions).

Treatment

Mild water intoxication requires only fluid restriction. In
very severe cases, the treatment includes:

1.
2.

Diuretics to increase water loss through urine
Antidiuretic hormone (ADH) receptor antagonists
to prevent ADH-induced reabsorption of water from
renal tubules

Intravenous administration of saline to restore
sodium.
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B INTRODUCTION

Blood is a connective tissue in fluid form. It is considered
as the “fluid of life’ because it carries oxygen from lungs
to all parts of the body and carbon dioxide from all parts
of the body to the lungs. It is known as ‘fluid of growth’
because it carries nutritive substances from the digestive
system and hormones from endocrine gland to all the
tissues. The blood is also called the ‘fluid of health’
because it protects the body against the diseases and
gets rid of the waste products and unwanted substances
by transporting them to the excretory organs like
kidneys.

B PROPERTIES OF BLOOD

1. Color: Blood is red in color. Arterial blood is scarlet
red because it contains more oxygen and venous
blood is purple red because of more carbon
dioxide.

2. Volume: Average volume of blood in a normal adult
is 5 L. In a newborn baby, the volume is 450 ml. It
increases during growth and reaches 5 L at the time
of puberty. In females, it is slightly less and is about
4.5 L. Itis about 8% of the body weight in a normal
young healthy adult, weighing about 70 kg.

3. Reaction and pH: Blood is slightly alkaline and its
pH in normal conditions is 7.4.

4. Specific gravity:

Specific gravity of total blood : 1.052 to 1.061
Specific gravity blood cells  : 1.092 to 1.101
Specific gravity of plasma : 1.022 to 1.026

5. Viscosity: Blood is five times more viscous than
water. It is mainly due to red blood cells and plasma
proteins.

B COMPOSITION OF BLOOD

Blood contains the blood cells which are called formed
elements and the liquid portion known as plasma.
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Solids: 7% - 8%

— Organic substances

l. Plasma lll. Carbohydrate |
proteins 1. Glucose

1. Albumin —

2. Globulin IV. Fats

3. Fibrinogen 1. Triglycerides

2. Cholesterol

Il. Amino acids 3. Phospholipids

1. Essential
amino acids V. Internal

2. Non-essential secretions
amino acids 1. Hormones

b

r

Water: 92% — 93%

VI. Enzymes

1. Amylase

2.Carbonic
anhydrase

3. Acid phosphatase

4, Alkaline
phosphatase

5. Lipase

6. Esterase

7. Protease

8. Transaminase

VIl. Non-protein
nitrogenous
substances

1. Ammonia

2. Creatine

3. Creatinine

4. Xanthine

5. Hypoxanthine

6. Urea

7. Uric acid

— Inorganic substances

1. Sodium 6. Chloride
2. Calcium 7. Phosphate
3. Potassium 8. lodide

4. Magnesium 9. Iron

5. Bicarbonate 10. Copper

2. Carbon dioxide — |

1. Oxygen

3. Nitrogen

FIGURE 7.1: Composition of plasma

® BLOOD CELLS

Three types of cells are present in the blood:
1. Red blood cells or erythrocytes
2. White blood cells or leukocytes
3. Platelets or thrombocytes.

Hematocrit Value

If blood is collected in a hematocrit tube along with a
suitable anticoagulant and centrifuged for 30 minutes
at a speed of 3000 revolutions per minute (rpm), the
red blood cells settle down at the bottom having a clear
plasma at the top. Plasma forms 55% and red blood
cells form 45% of the total blood. Volume of red blood
cells expressed in percentage is called the hematocrit
value or packed cell volume (PCV). In between the
plasma and the red blood cells, there is a thin layer of
white buffy coat. This white buffy coat is formed by the
aggregation of white blood cells and platelets (see Fig.
12.1).

TABLE 7.1: Normal values of some important
substances in blood

VIil. Antibodies

Gases
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Substance Normal value

Glucose
Creatinine
Cholesterol
Plasma proteins
Bilirubin

Iron

Copper

Calcium

Sodium
Potassium
Magnesium
Chloride
Bicarbonate

100 to 120
0.5t0 1.5
Up to 200
6.4 t0 8.3
0.5t0 1.5
50 to 150

100 to 200

9 to 11
451t05.5

135 to 145
3.5t05.0
1.5t 2.0

100 to 110

22 to 26

mg/dL
mg/dL
mg/dL
g/dL

mg/dL
ug/dL
mg/dL

mg/dL
mEq/L

mEq/L
mEq/L
mEq/L
mEq/L
mEq/L




60 Section 2 4 Blood and Body Fluids

H PLASMA

Plasma is a straw-colored clear liquid part of blood. It
contains 91% to 92% of water and 8% to 9% of solids.
The solids are the organic and the inorganic substances
(Fig. 7.1). Table 7.1 gives the normal values of some
important substances in blood.

B SERUM

Serum is the clear straw-colored fluid that oozes from
blood clot. When the blood is shed or collected in a
container, it clots. In this process, the fibrinogen is
converted into fibrin and the blood cells are trapped in
this fibrin forming the blood clot. After about 45 minutes,
serum oozes out of the blood clot.

For clinical investigations, serum is separated from
blood cells and clotting elements by centrifuging. Volume
of the serum is almost the same as that of plasma
(55%). It is different from plasma only by the absence of
fibrinogen, i.e. serum contains all the other constituents
of plasma except fibrinogen. Fibrinogen is absent in
serum because it is converted into fibrin during blood
clotting. Thus,

Serum = Plasma — Fibrinogen

B FUNCTIONS OF BLOOD
® 1. NUTRITIVE FUNCTION

Nutritive substances like glucose, amino acids, lipids and
vitamins derived from digested food are absorbed from
gastrointestinal tract and carried by blood to different
parts of the body for growth and production of energy.

B 2. RESPIRATORY FUNCTION

Transport of respiratory gases is done by the blood. It
carries oxygen from alveoli of lungs to different tissues
and carbon dioxide from tissues to alveoli.

H 3. EXCRETORY FUNCTION

Waste products formed in the tissues during various
metabolic activities are removed by blood and carried

to the excretory organs like kidney, skin, liver, etc. for
excretion.

B 4. TRANSPORT OF HORMONES AND ENZYMES

Hormones which are secreted by ductless (endocrine)
glands are released directly into the blood. The blood
transports these hormones to their target organs/tissues.
Blood also transports enzymes.

B 5. REGULATION OF WATER BALANCE

Water content of the blood is freely interchangeable
with interstitial fluid. This helps in the regulation of water
content of the body.

B 6. REGULATION OF ACID-BASE BALANCE

Plasma proteins and hemoglobin act as buffers and help
in the regulation of acid-base balance (Chapter 5).

B 7. REGULATION OF BODY TEMPERATURE

Because of the high specific heat of blood, itis responsible
for maintaining the thermoregulatory mechanism in the
body, i.e. the balance between heat loss and heat gain
in the body.

B 8. STORAGE FUNCTION

Water and some important substances like proteins,
glucose, sodium and potassium are constantly required
by the tissues. Blood serves as a readymade source
for these substances. And, these substances are taken
from blood during the conditions like starvation, fluid
loss, electrolyte loss, etc.

H 9. DEFENSIVE FUNCTION

Blood plays an important role in the defense of the
body. The white blood cells are responsible for this
function. Neutrophils and monocytes engulf the
bacteria by phagocytosis. Lymphocytes are involved in
development of immunity. Eosinophils are responsible
for detoxification, disintegration and removal of foreign
proteins (Chapters 16 and 17).
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B INTRODUCTION

Plasma proteins are:

1. Serum albumin
2. Serum globulin
3. Fibrinogen.

Serum (Chapter 7) contains only albumin and
globulin. Fibrinogen is absent in serum because, it is
converted into fibrin during blood clotting. Because of
this, the albumin and globulin are usually called serum
albumin and serum globulin.

B NORMAL VALUES

Normal values of the plasma proteins are:
Total proteins 7.3 g/dL (6.4 to 8.3 g/dL)

Serum albumin 4.7 g/dL
Serum globulin 2.3 g/dL
Fibrinogen 0.3 g/dL

B ALBUMIN/GLOBULIN RATIO

Ratio between plasma level of albumin and globulin is
called albumin/globulin (A/G) ratio.

Itis an important indicator of some diseases involving
liver or kidney.

Normal A/G ratio is 2 : 1.

B SEPARATION OF PLASMA PROTEINS

Plasma proteins are separated by the following
methods.

B 1. PRECIPITATION METHOD

Proteins in the serum are separated into albumin and
globulin. This is done by precipitating globulin with 22%
sodium sulfate solution. Albumin remains in solution.

B 2. SALTING-OUT METHOD

Serum globulin is separated into two fractions called
euglobulin and pseudoglobulin by salting out with differ-
ent solutions. Euglobulin is salted out by full saturation
with sodium chloride solution; half saturation with
magnesium sulfate solution and one-third saturation
with ammonium sulfate solution. It is insoluble in water.
Pseudoglobulin is salted out by full saturation with
magnesium sulfate and, half saturation with ammonium
sulfate. It is soluble in water but it cannot be salted out
by sodium chloride solution.

B 3. ELECTROPHORETIC METHOD

In this, the plasma proteins are separated depending
on their differences in electrical charge and the rate of
migration. It is done in a Tiselius apparatus by using
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paper or cellulose or starch block. By this method, the
proteins are separated into albumin (55%), alpha globulin
(13%), beta globulin (14%), gamma globulin (11%) and
fibrinogen (7%).

B 4. COHN'S FRACTIONAL
PRECIPITATION METHOD

By this method, plasma proteins are separated into
albumin and different fractions of globulin, depending
upon their solubility.

B 5 ULTRACENTRIFUGATION METHOD

In this method, albumin, globulin and fibrinogen are sep-
arated depending upon their density. This method is
also useful in determining the molecular weight of these
proteins.

B 6. GEL FILTRATION CHROMATOGRAPHY

Gel filtration chromatography is a column chromatogra-
phic method by which the proteins are separated on the
basis of size. Protein molecules are separated by passing
through a bed of porous beads. The diffusion of different
proteins into the beads depends upon their size.

H 7. IMMUNOELECTROPHORETIC METHOD

By this method, the proteins are separated on the basis of
electrophoretic patterns formed by precipitation at the site
of antigen-antibody reactions. This technique provides
valuable quantitative measurement of different proteins.

B PROPERTIES OF PLASMA PROTEINS

B MOLECULAR WEIGHT

Albumin 69,000
Globulin : 1,56,000
Fibrinogen : 4,00,000

Thus, the molecular weight of fibrinogen is greater
than that of other two proteins.

B ONCOTIC PRESSURE

Plasma proteins are responsible for the oncotic or
osmotic pressure in the blood. Osmotic pressure exerted
by proteins in the plasma is called colloidal osmotic
(oncotic) pressure (Chapter 3). Normally, it is about 25
mm Hg. Albumin plays a major role in exerting oncotic
pressure.

B SPECIFIC GRAVITY
Specific gravity of the plasma proteins is 1.026.

B BUFFER ACTION

Acceptance of hydrogen ions is called buffer action. The
plasma proteins have 1/6 of total buffering action of the
blood.

B ORIGIN OF PLASMA PROTEINS

B [N EMBRYO

In embryonic stage, the plasma proteins are synthesized
by the mesenchyme cells. The albumin is synthesized
first and other proteins are synthesized later.

B [N ADULTS

In adults, the plasma proteins are synthesized mainly
from reticuloendothelial cells of liver. The plasma
proteins are synthesized also from spleen, bone marrow,
disintegrating blood cells and general tissue cells.
Gamma globulin is synthesized from B lymphocytes.

B FUNCTIONS OF PLASMA PROTEINS

Plasma proteins are very essential for the body. Following
are the functions of plasma proteins:

H 1. ROLE IN COAGULATION OF BLOOD

Fibrinogen is essential for the coagulation of blood
(Chapter 20).

B 2. ROLE IN DEFENSE MECHANISM OF BODY

Gamma globulins play an important role in the defense
mechanism of the body by acting as antibodies (immune
substances). These proteins are also called immuno-
globulins (Chapter 17). Antibodies react with antigens
of various microorganisms, which cause diseases like
diphtheria, typhoid, streptococcal infections, mumps,
influenza, measles, hepatitis, rubella, poliomyelitis, etc.

B 3. ROLE IN TRANSPORT MECHANISM

Plasma proteins are essential for the transport of various
substances in the blood. Albumin, alpha globulin and
beta globulin are responsible for the transport of the
hormones, enzymes, etc. The alpha and beta globulins
play an important role in the transport of metals in the
blood.

B 4. ROLE IN MAINTENANCE OF OSMOTIC
PRESSURE IN BLOOD

At the capillary level, most of the substances are
exchanged between the blood and the tissues. However,



because of their large size, the plasma proteins cannot
pass through the capillary membrane easily and remain
in the blood. In the blood, these proteins exert the
colloidal osmotic (oncotic) pressure. Osmotic pressure
exerted by the plasma proteins is about 25 mm Hg.
Since the concentration of albumin is more than the
other plasma proteins, it exerts maximum pressure.
Globulin is the next and fibrinogen exerts least pressure.

Importance of Osmotic Pressure —
Starling’s Hypothesis

Osmotic pressure exerted by the plasma proteins plays
an important role in the exchange of various substances
between blood and the cells through capillary membrane.
According to Starling’s hypothesis, the net filtration
through capillary membrane is proportional to the
hydrostatic pressure difference across the membrane
minus the oncotic pressure difference (Chapter 27).

B 5. ROLE IN REGULATION OF
ACID-BASE BALANCE

Plasma proteins, particularly the albumin, play an
important role in regulating the acid-base balance in
the blood. This is because of the virtue of their buffering
action (Chapter 5). Plasma proteins are responsible for
15% of the buffering capacity of blood.

B 6. ROLE IN VISCOSITY OF BLOOD

Plasma proteins provide viscosity to the blood, which
is important to maintain the blood pressure. Albumin
provides maximum viscosity than the other plasma
proteins.

B 7. ROLE IN ERYTHROCYTE
SEDIMENTATION RATE

Globulin and fibrinogen accelerate the tendency of
rouleaux formation by the red blood cells. Rouleaux
formation is responsible for ESR, which is an important
diagnostic and prognostic tool (Chapter 12).

B 8. ROLE IN SUSPENSION STABILITY OF
RED BLOOD CELLS

During circulation, the red blood cells remain suspended
uniformly in the blood. This property of the red blood cells
is called the suspension stability. Globulin and fibrinogen
help in the suspension stability of the red blood cells.
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B 9. ROLE IN PRODUCTION OF
TREPHONE SUBSTANCES

Trephone substances are necessary for nourishment of
tissue cells in culture. These substances are produced
by leukocytes from the plasma proteins.

B 10. ROLE AS RESERVE PROTEINS

During fasting, inadequate food intake or inadequate
protein intake, the plasma proteins are utilized by the
body tissues as the last source of energy. Plasma proteins
are split into amino acids by the tissue macrophages.
Amino acids are taken back by blood and distributed
throughout the body to form cellular protein molecules.
Because of this, the plasma proteins are called the
reserve proteins.

B PLASMAPHERESIS

B DEFINITION

Plasmapheresis is an experimental procedure done
in animals to demonstrate the importance of plasma
proteins. Earlier, this was called Whipple's experiment
because it was established by George Hoyt Whipple.

B PROCEDURE

Plasmapheresis is demonstrated in dogs. Blood is
removed completely from the body of the dog. Red blood
cells are separated from plasma and are washed in
saline and reinfused into the body of the same dog along
with a physiological solution called Locke’s solution.

Due to sudden lack of proteins, the animal undergoes
a state of shock. If the animal is fed with diet containing
sufficiently high quantity of proteins, the normal level
of plasma proteins is restored within seven days and
the animal survives. The new plasma proteins are
synthesized by the liver of the dog.

If the experiment is done in animals after removal
of liver, even if the diet contains adequate quantity of
proteins, the plasma proteins are not produced. The
shock persists in the animal and leads to death.

Thus, the experiment ‘plasmapheresis’ is used to
demonstrate:

1. Importance of plasma proteins for survival
2. Synthesis of plasma proteins by the liver.

B CLINICAL SIGNIFICANCE OF PLASMAPHERESIS
— THERAPEUTIC PLASMA EXCHANGE

Plasmapheresis is used as a blood purification proced-
ure for an effective temporary treatment of many auto-
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TABLE 8.1: Variations in plasma protein level

Plasma Protein

Conditions when increases

Conditions when decreases

Hyperproteinemia: Hypoproteinemia:
1. Dehydration 1. Diarrhea
2. Hemolysis 2. Hemorrhage
3. Acute infections like acute hepatitis and 3. Burns
acute nephritis 4. Pregnancy
Total proteins 4. Respiratory distress syndrome 5. Malnutrition
5. Excess of glucocorticoids 6. Prolonged starvation
6. Leukemia 7. Cirrhosis of liver
7. Rheumatoid arthritis 8. Chronic infections like chronic hepatitis or
8. Alcoholism chronic nephritis
1. Malnutrition
1. Dehydration 2. Cirrhosis of liver
Albumin 2. Excess (_)f qucogorticgids 3. Burns .
3. Congestive cardiac failure 4. Hypothyroidism
5. Nephrosis
6. Excessive intake of water
1. Cirrhosis of liver 1. Emphysema
Globulin 2. Chronic i_nfections 2. Acute hemolytic _a_nemia
3. Nephrosis 3. Glomerulonephritis
4. Rheumatoid arthritis 4. Hypogammaglobulinemia
1. Acute infections
2. Rheumatoid arthritis . .
. 1. Liver dysfunction
_ 3. Glomerulonephritis : :
Fibrinogen o : 2. Use of anabolic steroids
4. Myocardial infarction ]
3. Use of phenobarbital
5. Stroke
6. Trauma
1. Hypothyroidism
A/G rati 2. Excess of glucocorticoids 1. Liver dysfunction
ratio . ) 8
3. Hypogammaglobulinemia 2. Nephrosis
4. Intake of high carbohydrate or protein diet

immune diseases. It is also called therapeutic plasma
exchange.

In an autoimmune disease, the immune system
attacks the body's own tissues through antibodies
(Chapter 17). The antibodies that are proteins in nature
circulate in the bloodstream before attacking the target
tissues. Plasmapheresis is used to remove these
antibodies from the blood.

Procedure

Venous blood is removed from the patient and blood
cells are separated from plasma by the equipment called
cell separator. This equipment works on the principle of
a centrifuge. An anticoagulant is used to prevent the
clotting of blood when it is removed from the body. After
the separation of blood cells, the plasma is discarded.
The blood cells are returned to the bloodstream of the

patient by mixing with a substitute fluid (saline) and
sterilized human albumin protein.

Uses of Plasmapheresis

Though plasmapheresis is used to remove antibodies
from the blood, it cannot prevent the production of
antibodies by the immune system of the body. So, it can
provide only a temporary benefit of protecting the tissues
from the antibodies. The patients must go for repeated
sessions of this treatment.
Plasmapheresis is an effective temporary treatment
for the following diseases:
1. Myasthenia gravis — autoimmune disease causing
muscle weakness (Chapter 17)
2. Thrombocytopenic purpura — bleeding disorder
(Chapter 20)



3. Paraproteinemic peripheral neuropathy — dysfunc-
tion of peripheral nervous system due to an
abnormal immunoglobulin called paraprotein.

4. Chronic demyelinating polyneuropathy — neurolo-
gical disorder characterized by progressive weak-
ness and impaired sensory function in the legs
and arms due to the damage of myelin sheath in
peripheral nerves.

5. Guillain-Barré syndrome — autoimmune disease
causing weakness, abnormal sensations (like
tingling) in the limbs and paralysis.
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6. Lambert-Eaton myasthenic syndrome — autoim-
mune disorder of the neuromuscular junction.

B VARIATIONS IN PLASMA PROTEIN LEVEL

Level of plasma proteins vary independently of one
another. However, in several conditions, the quantity
of albumin and globulin change in opposite direction.
Elevation of all fractions of plasma proteins is called
hyperproteinemia and decrease in all fractions of
plasma proteins is called hypoproteinemia. Variations
in the level of plasma proteins are given in Table 8.1.
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B INTRODUCTION

Red blood cells (RBCs) are the non-nucleated formed
elements in the blood. Red blood cells are also known
as erythrocytes (erythros = red). Red color of the red
blood cell is due to the presence of the coloring pigment
called hemoglobin. RBCs play a vital role in transport of
respiratory gases. RBCs are larger in number compared
to the other two blood cells, namely white blood cells
and platelets.

B NORMAL VALUE

RBC count ranges between 4 and 5.5 million/cu mm of
blood. In adult males, it is 5 million/cu mm and in adult
females, it is 4.5 million/cu mm.

B MORPHOLOGY OF RED BLOOD CELLS
B NORMAL SHAPE

Normally, the RBCs are disk shaped and biconcave
(dumbbell shaped). Central portion is thinner and peri-
phery is thicker. The biconcave contour of RBCs has
some mechanical and functional advantages.

Advantages of Biconcave Shape of RBCs

1. Biconcave shape helps in equal and rapid diffusion
of oxygen and other substances into the interior of
the cell.

2. Large surface area is provided for absorption or
removal of different substances.

3. Minimal tension is offered on the membrane when
the volume of cell alters.

4. Because of biconcave shape, while passing through
minute capillaries, RBCs squeeze through the capill-
aries very easily without getting damaged.

B NORMAL SIZE

© 7.2 (6.9t0 7.4 ).

. At the periphery it is thicker with 2.2 p
and at the center it is thinner with 1 p
(Fig. 9.1). This difference in thickness is
because of the biconcave shape.

Surface area : 120 sq .

Volume : 851090 cu .

Diameter
Thickness

B NORMAL STRUCTURE

Red blood cells are non-nucleated. Only mammal,
which has nucleated RBC is camel. Because of the
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FIGURE 9.1: Dimensions of RBC.
A. Surface view, B. Sectioned view.

absence of nucleus in human RBC, the DNA is also
absent. Other organelles such as mitochondria and Golgi
apparatus also are absent in RBC. Because of absence
of mitochondria, the energy is produced from glycolytic
process. Red cell does not have insulin receptor and
so the glucose uptake by this cell is not controlled by
insulin.

RBC has a special type of cytoskeleton, which is made
up of actin and spectrin. Both the proteins are anchored
to transmembrane proteins by means of another protein
called ankyrin. Absence of spectrin results in hereditary
spherocytosis. In this condition, the cell is deformed,
losses its biconcave shape and becomes globular
(spherocytic). The spherocyte is very fragile and easily
ruptured (hemolyzed) in hypotonic solutions.

B PROPERTIES OF RED BLOOD CELLS

B ROULEAUX FORMATION

When blood is taken out of the blood vessel, the RBCs
pile up one above another like the pile of coins. This
property of the RBCs is called rouleaux (pleural =
rouleau) formation (Fig. 9.2). It is accelerated by plasma
proteins globulin and fibrinogen.

B SPECIFIC GRAVITY
Specific gravity of RBC is 1.092 to 1.101.

B PACKED CELL VOLUME

Packed cell volume (PCV) is the proportion of blood
occupied by RBCs expressed in percentage. It is also
called hematocrit value. It is 45% of the blood and the
plasma volume is 55% (Chapters 7 and 13).
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FIGURE 9.2: Rouleau formation
(Courtesy: Dr Nivaldo Medeiros)

B SUSPENSION STABILITY

During circulation, the RBCs remain suspended uniformly
in the blood. This property of the RBCs is called the
suspension stability.

B LIFESPAN OF RED BLOOD CELLS

Average lifespan of RBC is about 120 days. After
the lifetime the senile (old) RBCs are destroyed in
reticuloendothelial system.

Determination of Lifespan of Red Blood Cells

Lifespan of the RBC is determined by radioisotope
method. RBCs are tagged with radioactive substances
like radioactive iron or radioactive chromium. Life of
RBC is determined by studying the rate of loss of radio-
active cells from circulation.

B FATE OF RED BLOOD CELLS

When the cells become older (120 days), the cell
membrane becomes more fragile. Diameter of the
capillaries is less or equal to that of RBC. Younger RBCs
can passthroughthe capillaries easily. However, because
of the fragile nature, the older cells are destroyed while
trying to squeeze through the capillaries. The destruction
occurs mainly in the capillaries of red pulp of spleen
because the diameter of splenic capillaries is very small.
So, the spleen is called ‘graveyard of RBCs'.

Destroyed RBCs are fragmented and hemoglobin
is released from the fragmented parts. Hemoglobin is
immediately phagocytized by macrophages of the body,
particularly the macrophages present in liver (Kupffer
cells), spleen and bone marrow.
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Hemoglobin is degraded into iron, globin and
porphyrin. lron combines with the protein called
apoferritin to form ferritin, which is stored in the body and
reused later. Globin enters the protein depot for later use
(Fig. 9.3). Porphyrin is degraded into bilirubin, which is
excreted by liver through bile (Chapter 40).

Daily 10% RBCs, which are senile, are destroyed in
normal young healthy adults. It causes release of about
0.6 g/dL of hemoglobin into the plasma. From this 0.9 to
1.5 mg/dL bilirubin is formed.

B FUNCTIONS OF RED BLOOD CELLS

Major function of RBCs is the transport of respiratory
gases. Following are the functions of RBCs:

1. Transport of Oxygen from the Lungs to the
Tissues

Hemoglobin in RBC combines with oxygen to form
oxyhemoglobin. About 97% of oxygen is transported in
blood in the form of oxyhemoglobin (Chapter 125).

2. Transport of Carbon Dioxide from the Tissues
to the Lungs

Hemoglobin combines with carbon dioxide and form
carbhemoglobin. About 30% of carbon dioxide is trans-
ported in this form.

Destruction of RBC
(in spleen)

Release of hemoglobin

1 ! 1

Iron J Globin Porphyrin
“
Apoferritin
Ferritin Protein pool Bilirubin
Stored Stored
and and Excreted
reused reused

FIGURE 9.3: Fate of RBC

RBCs contain a large amount of the carbonic
anhydrase. This enzyme is necessary for the formation
of bicarbonate from water and carbon dioxide (Chapter
125). Thus, it helps to transport carbon dioxide in the
form of bicarbonate from tissues to lungs. About 63% of
carbon dioxide is transported in this form.

3. Buffering Action in Blood

Hemoglobin functions as a good buffer. By this action,
it regulates the hydrogen ion concentration and thereby
plays a role in the maintenance of acid-base balance
(Chapter 5).

4. In Blood Group Determination

RBCs carry the blood group antigens like A antigen,
B antigen and Rh factor. This helps in determination of
blood group and enables to prevent reactions due to
incompatible blood transfusion (Chapter 21).

B VARIATIONS IN NUMBER OF RED
BLOOD CELLS

B PHYSIOLOGICAL VARIATIONS
A.Increase in RBC Count

Increase in the RBC count is known as polycythemia. It
occurs in both physiological and pathological conditions.
When it occurs in physiological conditions it is called
physiological polycythemia. The increase in number
during this condition is marginal and temporary. It occurs
in the following conditions:

1. Age

At birth, the RBC count is 8 to 10 million/cu mm of blood.
The count decreases within 10 days after birth due to
destruction of RBCs causing physiological jaundice in
some newborn babies. However, in infants and growing
children, the cell count is more than the value in adults.

2. Sex

Before puberty and after menopause in females the RBC
count is similar to that in males. During reproductive
period of females, the count is less than that of males
(4.5 million/cu mm).

3. High altitude

Inhabitants of mountains (above 10,000 feet from mean
sea level) have an increased RBC count of more than 7
million/cu mm. It is due to hypoxia (decreased oxygen
supply to tissues) in high altitude. Hypoxia stimulates
kidney to secrete a hormone called erythropoietin. The



erythropoietin in turn stimulates the bone marrow to
produce more RBCs (Fig. 9.4).

4. Muscular exercise

There is a temporary increase in RBC count after
exercise. It is because of mild hypoxia and contraction
of spleen. Spleen stores RBCs (Chapter 25). Hypoxia
increases the sympathetic activity resulting in secretion
of adrenaline from adrenal medulla. Adrenaline contracts
spleen and RBCs are released into blood (Fig. 9.5).

5. Emotional conditions

RBC count increases during the emotional conditions
such as anxiety. Itis because of increase in the sympathe-
tic activity as in the case of muscular exercise (Fig. 9.5).

6. Increased environmental temperature

Increase in atmospheric temperature increases RBC
count. Generally increased temperature increases all
the activities in the body including production of RBCs.

7. After meals

There is a slight increase in the RBC count after taking
meals. It is because of need for more oxygen for
metabolic activities.

High altitude J

|

Hypoxia J

l

Stimulation of kidney J

l

Production of erythropoietin .

Stimulation of bone marrow

Production of RBCs

FIGURE 9.4: Physiological polycythemia in high altitude
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Emotional conditions
and
muscular exercise

}

Increased sympathetic activity J

}

Increased secretion of adrenaline J

}

Contraction of spleen J

Release of RBCs
RS,

FIGURE 9.5: Physiological polycythemia in emotional
conditions and exercise

B. Decrease in RBC Count

Decrease in RBC count occurs in the following physiolo-
gical conditions:

1. High barometric pressures

At high barometric pressures as in deep sea, when
the oxygen tension of blood is higher, the RBC count
decreases.

2. During sleep

RBC count decreases slightly during sleep and imme-
diately after getting up from sleep. Generally all the
activities of the body are decreased during sleep includ-
ing production of RBCs.

3. Pregnancy

In pregnancy, the RBC count decreases. It is because
of increase in ECF volume. Increase in ECF volume,
increases the plasma volume also resulting in hemodilu-
tion. So, there is a relative reduction in the RBC count.

B PATHOLOGICAL VARIATIONS

Pathological Polycythemia

Pathological polycythemia is the abnormal increase in
the RBC count. Red cell count increases above 7 million/
cu mm of the blood. Polycythemia is of two types, the
primary polycythemia and secondary polycythemia.
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Primary Polycythemia — Polycythemia Vera

Primary polycythemiais otherwise knownas polycythemia
vera. It is a disease characterized by persistent increase
in RBC count above 14 million/cu mm of blood. This
is always associated with increased white blood cell
count above 24,000/cu mm of blood. Polycythemia vera
occurs in myeloproliferative disorders like malignancy
of red bone marrow.

Secondary Polycythemia

This is secondary to some of the pathological conditions
(diseases) such as:

1. Respiratory disorders like emphysema.

2. Congenital heart disease.

3. Ayerza's disease (condition associated with
hypertrophy of right ventricle and obstruction of
blood flow to lungs).

4. Chronic carbon monoxide poisoning.

5. Poisoning by chemicals like phosphorus and
arsenic.

6. Repeated mild hemorrhages.

All these conditions lead to hypoxia which stimulates
the release of erythropoietin. Erythropoietin stimulates
the bone marrow resulting in increased RBC count.

Anemia

Abnormal decrease in RBC count is called anemia. This
is described in Chapter 14.

B VARIATIONS IN SIZE OF RED
BLOOD CELLS

Under physiological conditions, the size of RBCs in
venous blood is slightly larger than those in arterial
blood. In pathological conditions, the variations in size
of RBCs are:

1. Microcytes (smaller cells)

2. Macrocytes (larger cells)

3. Anisocytes (cells with different sizes).

B MICROCYTES

Microcytes are present in:
i. Iron-deficiency anemia
ii. Prolonged forced breathing
ii. Increased osmotic pressure in blood.

B MACROCYTES

Macrocytes are present in:
i. Megaloblastic anemia
ii. Decreased osmotic pressure in blood.

B ANISOCYTES

Anisocytes occurs in pernicious anemia.

B VARIATIONS IN SHAPE OF RED
BLOOD CELLS

Shape of RBCs is altered in many conditions including
different types of anemia.
1. Crenation: Shrinkage as in hypertonic conditions.
2. Spherocytosis: Globular form as in hypotonic

conditions.

3. Elliptocytosis: Elliptical shape as in certain types of
anemia.

4. Sickle cell: Crescentic shape as in sickle cell
anemia.

5. Poikilocytosis: Unusual shapes due to deformed
cell membrane. The shape will be of flask, hammer
or any other unusual shape.

B VARIATIONS IN STRUCTURE OF
RED BLOOD CELLS

B PUNCTATE BASOPHILISM

Striated appearance of RBCs by the presence of dots
of basophilic materials (porphyrin) is called punctate
basophilism. It occurs in conditions like lead poisoning.

B RING IN RED BLOOD CELLS

Ring or twisted strands of basophilic material appear
in the periphery of the RBCs. This is also called the
Goblet ring. This appears in the RBCs in certain types
of anemia.

H HOWELL-JOLLY BODIES

In certain types of anemia, some nuclear fragments are
present in the ectoplasm of the RBCs. These nuclear
fragments are called Howell-Jolly bodies.
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B DEFINITION

Erythropoiesis is the process of the origin, development
and maturation of erythrocytes. Hemopoiesis or hema-
topoiesis is the process of origin, development and
maturation of all the blood cells.

B SITE OF ERYTHROPOIESIS

B [N FETAL LIFE

In fetal life, the erythropoiesis occurs in three stages:

1. Mesoblastic Stage

During the first two months of intrauterine life, the RBCs
are produced from mesenchyme of yolk sac.

2. Hepatic Stage

From third month of intrauterine life, liver is the main
organ that produces RBCs. Spleen and lymphoid
organs are also involved in erythropoiesis.

3. Myeloid Stage

During the last three months of intrauterine life, the RBCs
are produced from red bone marrow and liver.

H IN NEWBORN BABIES, CHILDREN AND ADULTS

In newborn babies, growing children and adults, RBCs
are produced only from the red bone marrow.

1. Upto the age of 20 years: RBCs are produced from
red bone marrow of all bones (long bones and all
the flat bones).

2. After the age of 20 years: RBCs are produced
from membranous bones like vertebra, sternum,
ribs, scapula, iliac bones and skull bones and from
the ends of long bones. After 20 years of age,
the shaft of the long bones becomes yellow bone
marrow because of fat deposition and looses the
erythropoietic function.

In adults, liver and spleen may produce the blood cells
if the bone marrow is destroyed or fibrosed. Collectively
bone marrow is almost equal to liver in size and weight.
It is also as active as liver. Though bone marrow is the
site of production of all blood cells, comparatively 75%
of the bone marrow is involved in the production of
leukocytes and only 25% is involved in the production
of erythrocytes.

But still, the leukocytes are less in number than the
erythrocytes, the ratio being 1:500. Thisis mainly because
of the lifespan of these cells. Lifespan of erythrocytes
is 120 days whereas the lifespan of leukocytes is very
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short ranging from one to ten days. So the leukocytes
need larger production than erythrocytes to maintain the
required number.

B PROCESS OF ERYTHROPOIESIS

B STEM CELLS

Stem cells are the primary cells capable of self-renewal
and differentiating into specialized cells (Chapter 1).
Hemopoietic stem cells are the primitive cells in the
bone marrow, which give rise to the blood cells.

Hemopoietic stem cells in the bone marrow are called
uncommitted pluripotent hemopoietic stem cells (PHSC).
PHSC is defined as a cell that can give rise to all types of
blood cells. In early stages, the PHSC are not designed
to form a particular type of blood cell. And it is also not
possible to determine the blood cell to be developed
from these cells: hence, the name uncommitted PHSC
(Fig. 10.1). In adults, only a few number of these cells
are present. But the best source of these cells is the
umbilical cord blood.

When the cells are designed to form a particular
type of blood cell, the uncommitted PHSCs are called
committed PHSCs. Committed PHSC is defined as a
cell, which is restricted to give rise to one group of blood
cells.

Committed PHSCs are of two types:
1. Lymphoid stem cells (LSC) which give rise to
lymphocytes and natural killer (NK) cells
2. Colony forming blastocytes, which give rise to
myeloid cells. Myeloid cells are the blood cells other
than lymphocytes. When grown in cultures, these
cells form colonies hence the name colony forming
blastocytes.
Different units of colony forming cells are:
i. Colony forming unit-erythrocytes (CFU-E) -
Cells of this unit develop into erythrocytes
ii. Colony forming unit-granulocytes/monocytes
(CFU-GM) —-These cells give rise to granulocytes
(neutrophils, basophils and eosinophils) and
monocytes
iii. Colony forming unit-megakaryocytes (CFU-M)
— Platelets are developed from these cells.

B CHANGES DURING ERYTHROPOIESIS

Cells of CFU-E pass through different stages and finally
become the matured RBCs. During these stages four
important changes are noticed.
1. Reduction in size of the cell (from the diameter of 25
to 7.2 p)
2. Disappearance of nucleoli and nucleus

Uncommitted pluripotent hemopoietic stem cell

Committed pluripotent hemopoietic stem cell

I'

Lymphoid stem cell

1

Colony forming blastocyte

|

Colony forming unit - E

Colony forming unit — GM

! '

Colony forming unit — M

:

Granulocytes

‘ |

Megakaryocyte

FIGURE 10.1: Stem cells. L = Lymphocyte, R = Red blood cell, N = Neutrophil, B = Basophil,
E = Eosinophil, M = Monocyte, P = Platelet.
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3. Appearance of hemoglobin 4. Late normoblast
4. Change in the staining properties of the cytoplasm. 5. Reticulocyte
6. Matured erythrocyte.

B STAGES OF ERYTHROPOIESIS

Various stages between CFU-E cells and matured RBCs 1. Proerythroblast (Megaloblast)

are (Fig. 10.2): Proerythroblast or megaloblast is the first cell derived
1. Proerythroblast from CFU-E. It is very large in size with a diameter of
2. Early normoblast about 20 p. Its nucleus is large and occupies the cell
3. Intermediate normoblast. almost completely. The nucleus has two or more nucleoli

Pluripotent hemopoietic stem cell
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Colony forming blastocyte .
> &
/ Lymphoid stem cell
_ CFU-E l ‘gn CFU-GM e
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' Proeryth
roerythrocyte . Myeloblast

\

Megakaryocyte

v
Early Lymphoblast

normoblast 'Y . Premyelocyte .

/1\

.
Intermediate Neutrophil Eosinophil Basophil
normoblast myelocyte myelocyte myelocyte
v
Premonocyte
Late
normoblast l '
l Neutrophil Eosanophsl Basophil
metamyelocyte  metamyelocyte metamye!ocyte
@ Reticulocyte ; @
l | ‘.
® : ® 0‘ e
Erythrocyte Platelets  Neutrophils Eosinophil Basophil  Monocyte Lymphocyte

FIGURE 10.2: Stages of erythropoiesis. CFU-E = Colony forming unit-erythrocyte,
CFU-M = Colony forming unit-megakaryocyte, CFU-GM = Colony forming unit-granulocyte/monocyte.
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and a reticular network. Proerythroblast does not contain
hemoglobin. The cytoplasm is basophilic in nature.
Proerythroblast multiplies several times and finally forms
the cell of next stage called early normoblast. Synthesis
of hemoglobin starts in this stage. However, appearance
of hemoglobin occurs only in intermediate normoblast.

2. Early Normoblast

The early normoblast is little smaller than proerythroblast
with a diameter of about 15 y. In the nucleus, the
nucleoli disappear. Condensation of chromatin network
occurs. The condensed network becomes dense. The
cytoplasm is basophilic in nature. So, this cell is also
called basophilic erythroblast. This cell develops into
next stage called intermediate normoblast.

3. Intermediate Normoblast

Cell is smaller than the early normoblast with a diameter
of 10 to 12 y. The nucleus is still present. But, the
chromatin network shows further condensation. The
hemoglobin starts appearing.

Cytoplasm is already basophilic. Now, because of the
presence of hemoglobin, it stains with both acidic as well
as basic stains. So this cell is called polychromophilic or
polychromatic erythroblast. This cell develops into next
stage called late normoblast.

4. Late Normoblast

Diameter of the cell decreases further to about 8 to 10 p.
Nucleus becomes very small with very much condensed
chromatin network and it is known as ink-spot nucleus.
Quantity of hemoglobin increases. And the cyto-
plasm becomes almost acidophilic. So, the cell is now
called orthochromic erythroblast. In the final stage of
late normoblast just before it passes to next stage, the
nucleus disintegrates and disappears. The process by
which nucleus disappears is called pyknosis. The final
remnant is extruded from the cell. Late normoblast
develops into the next stage called reticulocyte.

5. Reticulocyte

Reticulocyte is otherwise known as immature RBC.
It is slightly larger than matured RBC. The cytoplasm
contains the reticular network or reticulum, which is
formed by remnants of disintegrated organelles. Due to
the reticular network, the cell is called reticulocyte. The
reticulum of reticulocyte stains with supravital stain.

In newborn babies, the reticulocyte count is 2% to
6% of RBCs, i.e. 2 to 6 reticulocytes are present for
every 100 RBCs. The number of reticulocytes decreases

during the first week after birth. Later, the reticulocyte
count remains constant at or below 1% of RBCs. The
number increases whenever production and release of
RBCs increase.

Reticulocyte is basophilic due to the presence of
remnants of disintegrated Golgi apparatus, mitochondria
and other organelles of cytoplasm. During this stage, the
cells enter the blood capillaries through capillary mem-
brane from site of production by diapedesis. Important
events during erythropoiesis is given in Table 10.1

6. Matured Erythrocyte

Reticular network disappears and the cell becomes the
matured RBC and attains the biconcave shape. The cell
decreases in size to 7.2 y diameter. The matured RBC
is with hemoglobin but without nucleus.

It requires 7 days for the development and maturation
of RBC from proerythroblast. It requires 5 days up to the
stage of reticulocyte. Reticulocyte takes 2 more days to
become the matured RBC.

TABLE 10.1: Important events during erythropoiesis

Stage of erythropoiesis Important event

Proerythroblast Synthesis of hemoglobin starts

Early normoblast Nucleoli disappear

Intermediate normoblast Hemoglobin starts appearing

Late normoblast Nucleus disappears

Reticulum is formed.
Cell enters capillary from site of
production

Reticulocyte

Reticulum disappears

TRl Cell attains biconcavity

B FACTORS NECESSARY FOR
ERYTHROPOIESIS

Developmentand maturation of erythrocytes require varie-
ty of factors, which are classified into three categories:
1. General factors
2. Maturation factors
3. Factors necessary for hemoglobin formation.

B GENERAL FACTORS

General factors necessary for erythropoiesis are:
i. Erythropoietin
ii. Thyroxine
iii. Hemopoietic growth factors
iv. Vitamins.



i. Erythropoietin

Most important general factor for erythropoiesis is
the hormone called erythropoietin. It is also called
hemopoietin or erythrocyte stimulating factor.

Chemistry
Erythropoietin is a glycoprotein with 165 amino acids.
Source of secretion

Major quantity of erythropoietin is secreted by peritubular
capillaries of kidney. A small quantity is also secreted
from liver and brain.

Stimulant for secretion

Hypoxia is the stimulant for the secretion of

erythropoietin.
Actions of erythropoietin

Erythropoietin causes formation and release of new
RBCs into circulation. After secretion, it takes 4 to 5 days
to show the action.
Erythropoietin promotes the following processes:
a. Production of proerythroblasts from CFU-E of
the bone marrow
b. Development of proerythroblasts into matured
RBCs through the several stages — early normo-
blast, intermediate normoblast, late normoblast
and reticulocyte
c. Release of matured erythrocytes into blood. Even
some reticulocytes (immature erythrocytes) are
released along with matured RBCs.
Blood level of erythropoietin increases in anemia.

ii. Thyroxine

Being a general metabolic hormone, thyroxine
accelerates the process of erythropoiesis at many levels.
So, hyperthyroidism and polycythemia are common.

iii. Hemopoietic Growth Factors

Hemopoietic growth factors or growth inducers are the
interleukins and stem cell factor (steel factor). Generally
these factors induce the proliferation of PHSCs.
Interleukins (IL) are glycoproteins, which belong to the
cytokines family.

Interleukins involved in erythropoiesis:

a. Interleukin-3 (IL-3) secreted by T-cells

b. Interleukin-6 (IL-6) secreted by T-cells, endothelial

cells and macrophages
c. Interleukin-11 (IL-11) secreted by osteoblast.
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iv. Vitamins

Some vitamins are also necessary for the process of
erythropoiesis. Deficiency of these vitamins cause
anemia associated with other disorders.

Vitamins necessary for erythropoiesis:

a. Vitamin B: Its deficiency causes anemia and
pellagra (disease characterized by skin lesions,
diarrhea, weakness, nervousness and dementia).

b. Vitamin C: Its deficiency causes anemia
and scurvy (ancient disease characterized
by impaired collagen synthesis resulting in
rough skin, bleeding gum, loosening of teeth,
poor wound healing, bone pain, lethargy and
emotional changes).

c. Vitamin D: Its deficiency causes anemia and
rickets (bone disease — Chapter 68).

d. Vitamin E: Its deficiency leads to anemia and
malnutrition.

B MATURATION FACTORS

Vitamin B12, intrinsic factor and folic acid are necessary
for the maturation of RBCs.

1. Vitamin B12 (Cyanocobalamin)

Vitamin B12 is the maturation factor necessary for
erythropoiesis.

Source

Vitamin B12 is called extrinsic factor since it is obtained
mostly from diet. Its absorption from intestine requires
the presence of intrinsic factor of Castle. Vitamin B12
is stored mostly in liver and in small quantity in muscle.
When necessary, it is transported to the bone marrow to
promote maturation of RBCs. It is also produced in the
large intestine by the intestinal flora.

Action

Vitamin B12 is essential for synthesis of DNA in RBCs.
Its deficiency leads to failure in maturation of the cell
and reduction in the cell division. Also, the cells are
larger with fragile and weak cell membrane resulting in
macrocytic anemia.

Deficiency of vitamin B12 causes pernicious anemia.
So, vitamin B12 is called antipernicious factor.

2. Intrinsic Factor of Castle

Intrinsic factor of castle is produced in gastric mucosa
by the parietal cells of the gastric glands. It is essential
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for the absorption of vitamin B12 from intestine. In the
absence of intrinsic factor, vitamin B12 is not absorbed
from intestine. This leads to pernicious anemia.
Deficiency of intrinsic factor occurs in:
i. Severe gastritis
ii. Ulcer
iii. Gastrectomy.

Hematinic principle

Hematinic principle is the principle thought to be
produced by the action of intrinsic factor on extrinsic
factor. It is also called or antianemia principle. It is a
maturation factor.

3. Folic Acid

Folic acid is also essential for maturation. It is required
for the synthesis of DNA. In the absence of folic acid,
the synthesis of DNA decreases causing failure of
maturation. This leads to anemia in which the cells are
larger and appear in megaloblastic (proerythroblastic)
stage. And, anemia due to folic acid deficiency is called
megaloblastic anemia.

B FACTORS NECESSARY FOR
HEMOGLOBIN FORMATION

Various materials are essential for the formation of hemo-

globin in the RBCs. Deficiency of these substances decre-

ases the production of hemoglobin leading to anemia.
Such factors are:

1. First class proteins and amino acids: Proteins of
high biological value are essential for the formation
of hemoglobin. Amino acids derived from these
proteins are required for the synthesis of protein
part of hemoglobin, i.e. the globin.

2. Iron: Necessary for the formation of heme part of
the hemoglobin.

3. Copper: Necessary for the absorption of iron from
the gastrointestinal tract.

4. Cobalt and nickel: These metals are essential for
the utilization of iron during hemoglobin formation.

5. Vitamins: Vitamin C, riboflavin, nicotinic acid and
pyridoxine are also essential for the formation of
hemoglobin.
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B INTRODUCTION

Hemoglobin (Hb) is the iron containing coloring matter of
red blood cell (RBC). It is a chromoprotein forming 95%
of dry weight of RBC and 30% to 34% of wet weight.
Function of hemoglobin is to carry the respiratory gases,
oxygen and carbon dioxide. It also acts as a buffer.
Molecular weight of hemoglobin is 68,000.

B NORMAL HEMOGLOBIN CONTENT

Average hemoglobin (Hb) content in blood is 14 to 16 g/dL.
However, the value varies depending upon the age and
sex of the individual.

Age

At birth 25 g/dL
After 3rd month 20 g/dL
After 1 year 17 g/dL

From puberty onwards : 14 to 16 g/dL
At the time of birth, hemoglobin content is very high
because of increased number of RBCs (Chapter 9).

Sex

In adult males
In adult females

15 g/dL
14.5 g/dL

B FUNCTIONS OF HEMOGLOBIN

B TRANSPORT OF RESPIRATORY GASES

Main function of hemoglobin is the transport of respiratory
gases:

1. Oxygen from the lungs to tissues.

2. Carbon dioxide from tissues to lungs.

1. Transport of Oxygen

When oxygen binds with hemoglobin, a physical process
called oxygenation occurs, resulting in the formation of
oxyhemoglobin. The iron remains in ferrous state in this
compound. Oxyhemoglobin is an unstable compound
and the combination is reversible, i.e. when more oxygen
is available, it combines with hemoglobin and whenever
oxygen is required, hemoglobin can release oxygen
readily (Chapter 125).

When oxygen is released from oxyhemoglobin, it is
called reduced hemoglobin or ferrohemoglobin.

2. Transport of Carbon Dioxide

When carbon dioxide binds with hemoglobin, carbhe-
moglobin is formed. It is also an unstable compound
and the combination is reversible, i.e. the carbon dioxide
can be released from this compound. The affinity of
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hemoglobin for carbon dioxide is 20 times more than
that for oxygen (Chapter 125).

B BUFFER ACTION

Hemoglobin acts as a buffer and plays an important role
in acid-base balance (Chapter 5).

B STRUCTURE OF HEMOGLOBIN

Hemoglobin is a conjugated protein. It consists of a
protein combined with an iron-containing pigment. The
protein part is globin and the iron-containing pigment
is heme. Heme also forms a part of the structure of
myoglobin (oxygen-binding pigment in muscles) and
neuroglobin (oxygen-binding pigment in brain).

H [RON

Normally, it is present in ferrous (Fe?") form. It is in
unstable or loose form. In some abnormal conditions,
the iron is converted into ferric (Fe3*) state, which is a
stable form.

B PORPHYRIN

The pigment part of heme is called porphyrin. It is
formed by four pyrrole rings (tetrapyrrole) called, I, II, llI
and IV. The pyrrole rings are attached to one another by
methane (CH,) bridges.

The iron is attached to ‘N’ of each pyrrole ring and ‘N’
of globin molecule.

H GLOBIN

Globin contains four polypeptide chains. Among the four
polypeptide chains, two are chains and two are a-chains
(Refer Table 11.1 for molecular weight and number of
amino acids in the polypeptide chains).

TABLE 11.1: Molecular weight and number of amino
acids of polypeptide chains of globin

Molecular

Polypeptide chain weight Amino acids
a-chain 15,126 141
B-chain 15,866 146

B TYPES OF NORMAL HEMOGLOBIN

Hemoglobin is of two types:
1. Adult hemoglobin — HbA
2. Fetal hemoglobin — HbF
Replacement of fetal hemoglobin by adult hemoglobin
starts immediately after birth. Itis completed at about 10th

to 12th week after birth. Both the types of hemoglobin
differ from each other structurally and functionally.

Structural Difference

In adult hemoglobin, the globin contains two a-chains
and two B-chains. In fetal hemoglobin, there are two a
chains and two y-chains instead of 3-chains.

Functional Difference

Functionally, fetal hemoglobin has more affinity for
oxygen than that of adult hemoglobin. And, the oxygen-
hemoglobin dissociation curve of fetal blood is shifted to
left (Chapter 125).

B ABNORMAL HEMOGLOBIN

Abnormal types of hemoglobin or hemoglobin variants
are the pathologic mutant forms of hemoglobin. These
variants are produced because of structural changes
in the polypeptide chains caused by mutation in the
genes of the globin chains. Most of the mutations do not
produce any serious problem. Occasionally, few muta-
tions result in some disorders.
There are two categories of abnormal hemoglobin:
1. Hemoglobinopathies
2. Hemoglobin in thalassemia and related disorders.

1. Hemoglobinopathies

Hemoglobinopathy is a genetic disorder caused by
abnormal polypeptide chains of hemoglobin.
Some of the hemoglobinopathies are:

i. Hemoglobin S: It is found in sickle cell anemia.
In this, the a-chains are normal and B-chains are
abnormal.

i. Hemoglobin C: The B-chains are abnormal. It is
found in people with hemoglobin C disease, which
is characterized by mild hemolytic anemia and
splenomegaly.

iii. Hemoglobin E: Here also the 3-chains are abnormal.
It is present in people with hemoglobin E disease
which is also characterized by mild hemolytic
anemia and splenomegaly.

iv. Hemoglobin M: It is the abnormal hemoglobin
present in the form of methemoglobin. It occurs
due to mutation of genes of both in a and 8 chains,
resulting in abnormal replacement of amino acids.
It is present in babies affected by hemoglobin M
disease or blue baby syndrome. It is an inherited
disease, characterized by methemoglobinemia.



2. Hemoglobin in Thalassemia and
Related Disorders

In thalassemia, different types of abnormal hemoglobins
are present. The polypeptide chains are decreased,
absent or abnormal. In a-thalassemia, the a-chains are
decreased, absent or abnormal and in B-thalassemia,
the B-chains are decreased, absent or abnormal
(Chapter 14). Some of the abnormal hemoglobins found
in thalassemia are hemoglobin G, H, |, Bart’s, Kenya,
Lepore and constant spring.

B ABNORMAL HEMOGLOBIN DERIVATIVES

‘Hemoglobin derivatives’ refer to a blood test to detect
and measure the percentage of abnormal hemoglobin
derivatives.

Hemoglobin is the only carrier for transport of oxygen,
without which tissue death occurs within few minutes.
When hemoglobin is altered, its oxygen carrying
capacity is decreased resulting in lack of oxygen. So, it
is important to know about the causes and the effects of
abnormal hemoglobin derivatives.

Abnormal hemoglobin derivatives are formed by
carbon monoxide (CO) poisoning or due to some drugs
like nitrites, nitrates and sulphanamides.

Abnormal hemoglobin derivatives are:

1. Carboxyhemoglobin
2. Methemoglobin
3. Sulfhemoglobin.

Normal percentage of hemoglobin derivatives in total
hemoglobin:
Carboxyhemoglobin :
Methemoglobin less than 3%

Sulfhemoglobin trace (undetectable).

Abnormally high levels of hemoglobin derivates
in blood produce serious effects. These derivatives
prevent the transport of oxygen resulting in oxygen lack
in tissues, which may be fatal.

3% to5%

B CARBOXYHEMOGLOBIN

Carboxyhemoglobin or carbon monoxyhemoglobin
is the abnormal hemoglobin derivative formed by the
combination of carbon monoxide with hemoglobin.
Carbon monoxide is a colorless and odorless gas. Since
hemoglobin has 200 times more affinity for carbon
monoxide than oxygen, it hinders the transport of oxygen
resulting in tissue hypoxia (Chapter 127).

Normally, 1% to 3% of hemoglobin is in the form of
carboxyhemaoglobin.
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Sources of Carbon Monoxide

Charcoal burning

Coal mines

Deep wells

Underground drainage system

Exhaust of gasoline engines

Gases from guns and other weapons

Heating system with poor or improper ventilation
Smoke from fire

Tobacco smoking.

©CoNoGOA~WNE

Signs and Symptoms of
Carbon Monoxide Poisoning

1. While breathing air with less than 1% of CO, the Hb
saturation is 15% to 20% and mild symptoms like
headache and nausea appear

2. While breathing air with more than 1% CO, the
Hb saturation is 30% to 40%. It causes severe
symptoms like:

i. Convulsions
ii. Cardiorespiratory arrest
iii. Unconsciousness and coma.

3. When Hb saturation increases above 50%, death

occurs.

B METHEMOGLOBIN

Methemoglobin is the abnormal hemoglobin derivative
formed when iron molecule of hemoglobin is oxidized
from normal ferrous state to ferric state. Methemoglobin
is also called ferrihnemoglobin.

Normal methemoglobin level is 0.6% to 2.5% of total
hemoglobin.

Under normal circumstances also, body faces the
threat of continuous production of methemoglobin. But it
is counteracted by erythrocyte protective system called
nicotinamide adenine dinucleotide (NADH) system,
which operates through two enzymes:

1. Diaphorase | (nicotinamide adenine dinucleotide
phosphate [NADPH]-dependent reductase): Res-
ponsible for 95% of the action.

2. Diaphorase Il (NADPH-dependent methemoglobin
reductase): Responsible for 5% of the action.

These two enzymes prevent the oxidation of ferrous
iron into ferric iron.

Methemoglobinemia

Methemoglobinemia is the disorder characterized by
high level of methemoglobin in blood. It leads to tissue
hypoxia, which causes cyanosis and other symptoms.
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Causes of methemoglobinemia
Methemoglobinemia is caused by variety of factors:
1. Common factors of daily life:

i. Well water contaminated with nitrates and
nitrites
ii. Fires
iii. Laundry ink
iv. Match sticks and explosives
v. Meat preservatives (which contain nitrates and
nitrites)
vi. Mothballs (naphthalene balls)
vii. Room deodorizer propellants.

2. Exposure to industrial chemicals such as:

i. Aromatic amines

ii. Fluorides

ii. Irritant gases like nitrous oxide and nitro-
benzene

iv. Propylene glycol dinitrate.

3. Drugs:

i. Antibacterial drugs like sulfonamides
ii. Antimalarial drugs like chloroquine
iii. Antiseptics
iv. Inhalant in cyanide antidote kit
v. Local anesthetics like benzocaine.

4. Hereditary trait:

Due to deficiency of NADH-dependant reductase or
presence of abnormal hemoglobin M. Hemoglobin M is
common in babies affected by blue baby syndrome (a
pathological condition in infants, characterized by bluish
skin discoloration (cyanosis), caused by congenital heart
defect).

B SULFHEMOGLOBIN

Sulfhemoglobin is the abnormal hemoglobin derivative,
formed by the combination of hemoglobin with hydrogen
sulfide. It is caused by drugs such as phenacetin or
sulfonamides.

Normal sulfhemoglobin level is less than 1% of total
hemoglobin.

Sulfhemoglobin cannot be converted back into
hemoglobin. Only way to get rid of this from the body is
to wait until the affected RBCs with sulfhemoglobin are
destroyed after their lifespan.

Blood Level of Sulfhemoglobin

Normally, very negligible amount of sulfhemoglobin is
present in blood which is nondetectable. But when its

level rises above 10 gm/dL, cyanosis occur. Usually,
serious toxic effects are not noticed.

B SYNTHESIS OF HEMOGLOBIN

Synthesis of hemoglobin actually starts in proerythro-
blastic stage (Fig. 11.1). However, hemoglobin appears
in the intermediate normaoblastic stage only. Production of
hemoglobin is continued until the stage of reticulocyte.

Heme portion of hemoglobin is synthesized in
mitochondria. And the protein part, globin is synthesized
in ribosomes.

B SYNTHESIS OF HEME

Heme is synthesized from succinyl-CoA and the glycine.
The sequence of events in synthesis of hemoglobin:

1. First step in heme synthesis takes place in the mito-
chondrion. Two molecules of succinyl-CoA combine
with two molecules of glycine and condense to form
d-aminolevulinic acid (ALA) by ALA synthase.

2. ALAis transported to the cytoplasm. Two molecules
of ALA combine to form porphobilinogen in the
presence of ALA dehydratase.

3. Porphobilinogenisconvertedintouroporphobilinogen
| by uroporphobilinogen | synthase.

4. Uroporphobilinogen | is converted into uroporpho-
bilinogen Il by porphobilinogen 11l cosynthase.

5. From uroporphobilinogen |Ill, a ring structure
called coproporphyrinogen Il is formed by
uroporphobilinogen decarboxylase.

6. Coproporphyrinogen 1l is transported back to the
mitochondrion, where it is oxidized to form proto-
porphyrinogen IX by coproporphyrinogen oxidase

7. Protoporphyrinogen IX is converted into proto-
porphyrin IX by protoporphyrinogen oxidase.

8. Protoporphyrin IX combines with iron to form heme
in the presence of ferrochelatase.

B FORMATION OF GLOBIN

Polypeptide chains of globin are produced in the
ribosomes. There are four types of polypeptide chains
namely, alpha, beta, gamma and delta chains. Each
of these chains differs from others by the amino acid
sequence. Each globin molecule is formed by the
combination of 2 pairs of chains and each chain is made
of 141 to 146 amino acids. Adult hemoglobin contains
two alpha chains and two beta chains. Fetal hemoglobin
contains two alpha chains and two gamma chains.

B CONFIGURATION

Each polypeptide chain combines with one heme
molecule. Thus, after the complete configuration, each
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Uroporphobilinogen Il

Decarboxylase l

Coproporphyrinogen Il

Heme + Globin

Hemoglobin

FIGURE 11.1: Synthesis of hemoglobin

hemoglobin molecule contains 4 polypeptide chains and
4 heme molecules.

B SUBSTANCES NECESSARY FOR
HEMOGLOBIN SYNTHESIS

Various materials are essential for the formation of
hemoglobin in the RBC (Refer Chapter 10 for details).

B DESTRUCTION OF HEMOGLOBIN

After the lifespan of 120 days, the RBC is destroyed
in the reticuloendothelial system, particularly in spleen
and the hemoglobin is released into plasma. Soon, the
hemoglobin is degraded in the reticuloendothelial cells
and split into globin and heme.

Globin is utilized for the resynthesis of hemoglobin.
Heme is degraded into iron and porphyrin. Iron is stored
in the body as ferritin and hemosiderin, which are
reutilized for the synthesis of new hemoglobin. Porphyrin
is converted into a green pigment called biliverdin. In
human being, most of the biliverdin is converted into a
yellow pigment called bilirubin. Bilirubin and biliverdin
are together called the bile pigments (Details of bile
pigments are given in Chapter 40).

B IRON METABOLISM

B [IMPORTANCE OF IRON

Iron is an essential mineral and an important component
of proteins, involved in oxygen transport. So, human
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body needs iron for oxygen transport. Iron is important
for the formation of hemoglobin and myoglobin. Iron is
also necessary for the formation of other substances
like cytochrome, cytochrome oxidase, peroxidase and
catalase.

B NORMAL VALUE AND DISTRIBUTION
OF IRON IN THE BODY

Total quantity of iron in the body is about 4 g. Approximate
distribution of iron in the body is as follows:

In the hemoglobin 1 65% to 68%
In the muscle as myoglobin 1 4%

As intracellular oxidative heme compound : 1%

In the plasma as transferrin :0.1%
Stored in the reticuloendothelial system : 25% to 30%

B DIETARY IRON

Dietary iron is available in two forms called heme and
nonheme.

Heme Iron

Heme iron is present in fish, meat and chicken. Iron in
these sources is found in the form of heme. Heme iron
is absorbed easily from intestine.

Non-heme Iron

Iron in the form of nonheme is available in vegetables,
grains and cereals. Non-heme iron is not absorbed
easily as heme iron. Cereals, flours and products of
grains which are enriched or fortified (strengthened) with
iron become good dietary sources of non-heme iron,
particularly for children and women.

B ABSORPTION OF IRON

Iron is absorbed mainly from the small intestine. It is
absorbed through the intestinal cells (enterocytes)
by pinocytosis and transported into the blood. Bile is
essential for the absorption of iron.

Iron is present mostly in ferric (Fe**) form. It is
converted into ferrous form (Fe?*) which is absorbed into
the blood. Hydrochloric acid from gastric juice makes
the ferrous iron soluble so that it could be converted
into ferric iron by the enzyme ferric reductase from
enterocytes. From enterocytes, ferric iron is transported

into blood by a protein called ferroportin. In the blood,
ferric iron is converted into ferrous iron and transported.

B TRANSPORT OF IRON

Immediately after absorption into blood, iron combines
with a B-globulin called apotransferrin (secreted by liver
through bile) resulting in the formation of transferrin.
And iron is transported in blood in the form of transferrin.
Iron combines loosely with globin and can be released
easily at any region of the body.

B STORAGE OF IRON

Iron is stored in large quantities in reticuloendothelial
cells and liver hepatocytes. In other cells also it is stored
in small quantities. In the cytoplasm of the cell, iron is
stored as ferritin in large amount. Small quantity of iron
is also stored as hemosiderin.

B DAILY LOSS OF IRON

In males, about 1 mg of iron is excreted everyday through
feces. In females, the amount of iron loss is very much
high. This is because of the menstruation.

One gram of hemoglobin contains 3.34 mg of iron.
Normally, 100 mL of blood contains 15 gm of hemoglobin
and about 50 mg of iron (3.34 x 15). So, if 100 mL of
blood is lost from the body, there is a loss of about 50 mg
of iron. In females, during every menstrual cycle, about
50 mL of blood is lost by which 25 mg of iron is lost. This
is why the iron content is always less in females than in
males.

Iron is lost during hemorrhage and blood donation
also. If 450 mL of blood is donated, about 225 mg of iron
is lost.

B REGULATION OF TOTAL IRON IN THE BODY

Absorption and excretion of iron are maintained almost
equally under normal physiological conditions. When
the iron storage is saturated in the body, it automatically
reduces the further absorption of iron from the gastro-
intestinal tract by feedback mechanism.
Factors which reduce the absorption of iron:
1. Stoppage of apotransferrin formation in the liver, so
that the iron cannot be absorbed from the intestine.
2. Reduction in the release of iron from the transferrin,
so that transferrin is completely saturated with iron
and further absorption is prevented.
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B DEFINITION

Erythrocyte sedimentation rate (ESR) is the rate at which
the erythrocytes settle down. Normally, the red blood
cells (RBCs) remain suspended uniformly in circulation.
This is called suspension stability of RBCs. If blood is
mixed with an anticoagulant and allowed to stand on a
vertical tube, the red cells settle down due to gravity with
a supernatant layer of clear plasma.

ESR is also called sedimentation rate, sed rate or
Biernacki reaction. It was first demonstrated by Edmund
Biernacki in 1897.

B DETERMINATION OF ESR

There are two methods to determine ESR.
1. Westergren method
2. Wintrobe method

B WESTERGREN METHOD

In this method, Westergren tube is used to determine
ESR.

Westergren Tube

The tube is 300 mm long and opened on both ends (Fig.
12.1A). It is marked 0 to 200 mm from above down-
wards. Westergren tube is used only for determining
ESR.

1.6 mL of blood is mixed with 0.4 mL of 3.8% sodium
citrate (anticoagulant) and loaded in the Westergren
tube. The ratio of blood and anticoagulant is 4:1. The
tube is fitted to the stand vertically and left undisturbed.
The reading is taken at the end of 1 hour.

B WINTROBE METHOD

In this method, Wintrobe tube is used to determine
ESR.

Wintrobe Tube

Wintrobe tube is a short tube opened on only one end
(Fig. 12.1B). Itis 110 mm long with 3 mm bore. Wintrobe
tube is used for determining ESR and PCV. It is marked
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on both sides. On one side the marking is from 0 to 100
(for ESR) and on other side from 100 to 0 (for PCV).

About 1 mL of blood is mixed with anticoagulant,
ethylenediaminetetraacetic acid (EDTA). The blood is
loaded in the tube up to ‘0’ mark and the tube is placed
on the Wintrobe stand. And, the reading is taken after 1
hour.

B NORMAL VALUES OF ESR
By Westergren Method

In males 3 to 7 mmin1hour

Infemales : 5 to 9 mmin1hour

Infants 0 to 2 mminlhour
By Wintrobe Method

In males 0 to 9 mmin1hour

Infemales : 0 to 15 mmin 1 hour

Infants : 0 to 5 mminlhour

B SIGNIFICANCE OF DETERMINING ESR

Erythrocyte sedimentation rate (ESR) is an easy,
inexpensive and non-specific test, which helps in diagno-
sis as well as prognosis. It is non-specific because it
cannot indicate the exact location or cause of disease.
But, it helps to confirm the diagnosis. Prognosis means
monitoring the course of disease and response of the
patient to therapy. Determination of ESR is especially
helpful in assessing the progress of patients treated for
certain chronic inflammatory disorders such as:

1. Pulmonary tuberculosis (Chapter 14)

2. Rheumatoid arthritis (Chapter 14)

3. Polymyalgia rheumatica (inflammatory disease

characterized by pain in shoulder and hip)
4. Temporal arteritis (inflammation of arteries of head).

B VARIATIONS OF ESR

B PHYSIOLOGICAL VARIATION

1. Age: ESRis less in children and infants because of
more number of RBCs.

2. Sex: Itis more in females than in males because of
less number of RBCs.

3. Menstruation: The ESR increases during menstrua-
tion because of loss of blood and RBCs

4. Pregnancy: From 3rd month to parturition, ESR
increases up to 35 mm in 1 hour because of
hemodilution.
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FIGURE 12.1: A. Westergren tube: This is used for determining
ESR; B. Wintrobe tube: Thisis used to determine ESR and PCV.

B PATHOLOGICAL VARIATION

ESR increases in diseases such as the following
conditions:
1. Tuberculosis
All types of anemia except sickle cell anemia
Malignant tumors
Rheumatoid arthritis
Rheumatic fever
Liver diseases.
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ESR decreases in the following conditions:
1. Allergic conditions
2. Sickle cell anemia



3. Peptone shock
4. Polycythemia
5. Severe leukocytosis.

B FACTORS AFFECTING ESR
B FACTORS INCREASEING ESR

1. Specific Gravity of RBC

When the specific gravity of the RBC increases, the
cells become heavier and sedimentation is fast. So ESR
increases.

2. Rouleaux Formation

Rouleaux formation increases the ESR. Globulin and
fibrinogen accelerate the rouleaux formation.
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3. Increase in Size of RBC

When the size of RBC increases (macrocyte), ESR also
increases.

B FACTORS DECREASING ESR

1. Viscosity of Blood

Viscosity offers more resistance for settling of RBCs.
So when the viscosity of blood increases, the ESR
decreases.

2. RBC count

When RBC count increases, the viscosity of blood is
increased and ESR decreases. And when the RBC
count decreases, ESR increases.
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Bl DEFINITION

Packed cell volume (PCV) is the proportion of blood
occupied by RBCs, expressed in percentage. It is the
volume of RBCs packed at the bottom of a hematocrit
tube when the blood is centrifuged. It is also called
hematocrit value or erythrocyte volume fraction (EVF).

B METHOD OF DETERMINATION

Blood is mixed with the anticoagulant ethylenediamine-
tetraacetic acid (EDTA) or heparin and filled in hematocrit
or Wintrobe tube (110 mm long and 3 mm bore) up to 100
mark. The tube with the blood is centrifuged at a speed
of 3000 revolutions per minute (rpm) for 30 minutes.

RBCs packed at the bottom form the packed cell vol-
ume and the plasma remains above this. In between the
RBCs and the plasma, there is a white buffy coat, which is
formed by white blood cells and the platelets (Fig. 13.1).

In the laboratories with modern equipments, hema-
tocrit is not measured directly but calculated indirectly by
autoanalyzer. It is determined by multiplying RBC count
by mean cell volume. However, some amount of plasma
is always trapped between the RBCs. So, accurate value
is obtained only by direct measurement of PCV.

B SIGNIFICANCE OF DETERMINING PCV

Determination of PCV helps in:
1. Diagnosis and treatment of anemia
2. Diagnosis and treatment of polycythemia
3. Determination of extent of dehydration and recovery
from dehydration after treatment
4. Decision of blood transfusion.

B NORMAL VALUES OF PCV

Normal PCV:
In males = 40% to 45%
In females = 38% to 42%

B VARIATIONS IN PCV

B INCREASE IN PCV

PCV increases in:
1. Polycythemia
2. Dehydration
3. Dengue shock syndrome: Dengue fever (tropical
disease caused by flavivirus transmitted by mosquito
Aedes aegypti) of grade lll or IV severity.
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FIGURE 13.1: Packed cell volume

B DECREASE IN PCV

PCV decreases in:

1. Anemia

2. Cirrhosis of liver (Chapter 40)

3. Pregnancy

4. Hemorrhage due to ectopic pregnancy (pregnancy
due to implantation of fertilized ovum in tissues
other than uterine wall), which is characterized by
vaginal bleeding.

Bl BLOOD INDICES

Blood indices are the calculations derived from RBC
count, hemoglobin content of blood and PCV.

B IMPORTANCE OF BLOOD INDICES

Blood indices help in diagnosis of the type of anemia.

B DIFFERENT BLOOD INDICES

Blood indices include:
1. Mean corpuscular volume (MCV).
2. Mean corpuscular hemoglobin (MCH).
3. Mean corpuscular hemoglobin concentration
(MCHC).
4. Color Index (Cl).

1. Mean Corpuscular Volume (MCV)

MCYV is the average volume of a single RBC and it is
expressed in cubic microns (cu p). Normal MCV is 90 cu
M (78 to 90 cu ).

When MCV is normal, the RBC is called normocyte.
When MCYV increases, the cell is known as a macrocyte
and when it decreases, the cell is called microcyte.

In pernicious anemia and megaloblastic anemia,
the RBCs are macrocytic in nature. In iron deficiency
anemia the RBCs are microcytic.

2. Mean Corpuscular Hemoglobin (MCH)

MCH is the quantity or amount of hemoglobin present in
one RBC. Itis expressed in micro-microgram or picogram
(pg). Normal value of MCH is 30 pg (27 to 32 pg).

3. Mean Corpuscular Hemoglobin
Concentration (MCHC)

MCHC is the concentration of hemoglobin in one RBC.
It is the amount of hemoglobin expressed in relation to
the volume of one RBC. So, the unit of expression is
percentage. This is the most important absolute value in
the diagnosis of anemia. Normal value of MCHC is 30%
(30% to 38%).

When MCHC is normal, the RBC is normochromic.
When the MCHC decreases, the RBC is known
hypochromic. In pernicious anemia and megaloblastic
anemia, RBCs are macrocytic and normochromic or
hypochromic. In iron deficiency anemia, RBCs are
microcytic and hypochromic. A single RBC cannot be
hyperchromic because, the amount of hemoglobin
cannot increase beyond normal.

4. Color Index (CI)

Color index is the ratio between the percentage of
hemoglobin and the percentage of RBCs in the blood.
Actually, it is the average hemoglobin content in one cell
of a patient compared to the average hemoglobin content
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in one cell of a normal person. Normal color index is 1.0
(0.81t0 1.2). It was widely used in olden days. However, it
is useful in determining the type of anemia. It increases
in macrocytic (pernicious) anemia and megaloblastic
anemia. It is reduced in iron deficiency anemia. And, it is
normal in normocytic normochromic anemia.

B CALCULATION OF BLOOD INDICES

Blood indices are calculated by using different formula.
These calculations require the values of RBC count,
hemoglobin content and PCV.

For example, in the blood of a male subject:

RBC count
Hemoglobin content 8 g/dL
PCV 30%

Color index, MCV, MCH and MCHC are calculated
as follows:

4 million/cu mm.

B COLOR INDEX

Color index is calculated by dividing the hemoglobin
percentage by the RBC count percentage.

Hemoglobin %

RBC %

Thus, color index =

Hemoglobin %

Hemoglobin content in the subject

= - - x 100
Hemoglobin content in normal persons
8 g/dL
= —— x100=53.3%
15 g/dL
RBC %
RBC count in the subject
= x 100
RBC count in normal persons
4 million/cu mm
= x 100 = 80%
5 million/cu mm
By using these two values, Cl is calculated
Hemoglobin% 53.3%
Color Index = = =0.67
RBC% 80%

Thus, color index = 0.67

H MEAN CORPUSCULAR VOLUME

PCV in mL/ 1,000 mL of blood

MCV =
RBC count in million/cu mm of blood
PCV in 1000 mL or in 100 mL x 10
= Ccu
RBC count in million/cu mm H
30 x 10
MCV = T =75 cu .

Thus, MCV =75 cu pu

® MEAN CORPUSCULAR HEMOGLOBIN

Hemoglobin in gram per 1000 ml of blood

MCH =
RBC count in million/cu mm
MCH Hemoglobin in gram per 100 ml of blood x 10
- RBC count in million/cu mm
80
= — PG
4

Thus, MCH = 20 pg or micro-micro gram.

H MEAN CORPUSCULAR
HEMOGLOBIN CONCENTRATION

Hemoglobin in gram/100 mL of blood

MCHC = x 100
PCV in 100 mL of blood
= L x 100
30
800
= %
30

Thus, MCHC = 26.67%.

B RESULTS
Cl 0.67 (Normal = 0.8 t01.2)
MCV 75cup (Normal =781to 90 cu W)

MCH 20 pg (Normal = 27 to 32 pg)
MCHC 26.67% (Normal = 30% to 38%)

Results of these indices indicate that the person is
suffering from microcytic hypochromic anemia, which
commonly occurs during iron deficiency.
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B INTRODUCTION

Anemia is the blood disorder, characterized by the
reduction in:
1. Red blood cell (RBC) count
2. Hemoglobin content
3. Packed cell volume (PVC).
Generally, reduction in RBC count, hemoglobin
content and PCV occurs because of:
1. Decreased production of RBC
2. Increased destruction of RBC
3. Excess loss of blood from the body.
All these incidents are caused either by inherited
disorders or environmental influences such as nutritional
problem, infection and exposure to drugs or toxins.

B CLASSIFICATION OF ANEMIA

Anemia is classified by two methods:
1. Morphological classification
2. Etiological classification.

B MORPHOLOGICAL CLASSIFICATION

Morphological classification depends upon the size and
color of RBC. Size of RBC is determined by mean corpus-
cular volume (MCV). Color is determined by mean corpus-
cular hemoglobin concentration (MCHC). By this method,
the anemia is classified into four types (Table 14.1):

1. Normocytic Normochromic Anemia

Size (MCV) and color (MCHC) of RBCs are normal. But
the number of RBC is less.

2. Macrocytic Normochromic Anemia

RBCs are larger in size with normal color. RBC count is
less.

3. Macrocytic Hypochromic Anemia

RBCs are larger in size. MCHC is less, so the cells are
pale (less colored).

4. Microcytic Hypochromic Anemia

RBCs are smaller in size with less color.

B ETIOLOGICAL CLASSIFICATION

On the basis of etiology (study of cause or origin),
anemia is divided into five types (Table 14.2):
1. Hemorrhagic anemia
Hemolytic anemia
Nutrition deficiency anemia
Aplastic anemia
Anemia of chronic diseases.

ok owbd

TABLE 14.1: Morphological classification of anemia

Size of RBC | Color of RBC
(MCHC)

Type of anemia

Normocytic normochromic Normal Normal
Normocytic hypochromic Normal Less
Macrocytic hypochromic Large Less
Microcytic hypochromic Small Less
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1. Hemorrhagic Anemia

Hemorrhage refers to excessive loss of blood (Chapter
115). Anemiadue tohemorrhage isknown as hemorrhagic
anemia. It occurs both in acute and chronic hemorrhagic
conditions.

Acute hemorrhage

Acute hemorrhage refers to sudden loss of a large quan-
tity of blood as in the case of accident. Within about 24
hours after the hemorrhage, the plasma portion of blood
is replaced. However, the replacement of RBCs does
not occur quickly and it takes at least 4 to 6 weeks. So
with less number of RBCs, hemodilution occurs. How-
ever, morphologically the RBCs are normocytic and
normochromic.

Decreased RBC count causes hypoxia, which
stimulates the bone marrow to produce more number of
RBCs. So, the condition is corrected within 4 to 6 weeks.

Chronic hemorrhage

It refers to loss of blood by internal or external bleeding,
over a long period of time. It occurs in conditions like
peptic ulcer, purpura, hemophilia and menorrhagia.

Due to continuous loss of blood, lot of iron is lost
from the body causing iron deficiency. This affects the
synthesis of hemoglobin resulting in less hemoglobin
contentin the cells. The cells also become small. Hence,
the RBCs are microcytic and hypochromic (Table 14.2).

2. Hemolytic Anemia

Hemolysis means destruction of RBCs. Anemia due
to excessive hemolysis which is not compensated by
increased RBC production is called hemolytic anemia. It
is classified into two types:

A. Extrinsic hemolytic anemia.

B. Intrinsic hemolytic anemia.
A. Extrinsic hemolytic anemia: It is the type of anemia
caused by destruction of RBCs by external factors.
Healthy RBCs are hemolized by factors outside the
blood cells such as antibodies, chemicals and drugs.
Extrinsic hemolytic anemia is also called autoimmune
hemolytic anemia.

Common causes of external hemolytic anemia:

i. Liver failure
ii. Renal disorder

TABLE 14.2: Etiological classification of anemia

Type of anemia Causes

) ) Acute loss of blood
Hemorrhagic anemia .
Chronic loss of blood

Extrinsic hemolytic anemia:
i. Liver failure
ii. Renal disorder
iii. Hypersplenism
iv. Burns

Hemolytic anemia sulfa drugs

and ulcerative colitis

Iron deficiency
Protein deficiency
Vitamin B12

Folic acid

Nutrition deficiency
anemia

Aplastic anemia Bone marrow disorder

. . rheumatoid arthritis
Anemia of chronic

diseases . .
iii. Chronic renal failure

v. Infections — hepatitis, malaria and septicemia
vi. Drugs — Penicillin, antimalarial drugs and

vii. Poisoning by lead, coal and tar

viii. Presence of isoagglutinins like anti Rh
xi. Autoimmune diseases — rheumatoid arthritis

Intrinsic hemolytic anemia: Hereditary disorders

i. Non-infectious inflammatory diseases —
ii. Chronic infections — tuberculosis

iv. Neoplastic disorders — Hodgkin’s disease

Morphology of RBC
Normocytic, normochromic
Microcytic, hypochromic

Normocytic normochromic

Sickle cell anemia: Sickle shape
Thalassemia: Small and irregular
Microcytic, hypochromic

Macrocytic, hypochromic

Macrocytic, normochromic/hypochromic
Megaloblastic, hypochromic
Normocytic, normochromic

Normocytic, normochromic




iii. Hypersplenism
iv. Burns
v. Infections like hepatitis, malaria and septicemia
vi. Drugs such as penicillin, antimalarial drugs and
sulfa drugs
vii. Poisoning by chemical substances like lead,
coal and tar
viii. Presence of isoagglutinins like anti-Rh
ix. Autoimmune diseases such as rheumatoid
arthritis and ulcerative colitis.
B. Intrinsic hemolytic anemia: It is the type of anemia
caused by destruction of RBCs because of the defective
RBCs. There is production of unhealthy RBCs, which are
short lived and are destroyed soon. Intrinsic hemolytic
anemia is often inherited and it includes sickle cell
anemia and thalassemia.
Because of the abnormal shape in sickle cell anemia
and thalassemia, the RBCs become more fragile and
susceptible for hemolysis.

Sickle cell anemia

Sickle cell anemia is an inherited blood disorder,
characterized by sickle-shaped red blood cells. It is also
called hemoglobin SS disease or sickle cell disease. It
is common in people of African origin.

Sickle cell anemia is due to the abnormal hemoglobin
called hemoglobin S (sickle cell hemoglobin). In this,
a-chains are normal and f3-chains are abnormal. The
molecules of hemoglobin S polymerize into long chains
and precipitate inside the cells. Because of this, the
RBCs attain sickle (crescent) shape and become more
fragile leading to hemolysis (Fig. 14.1). Sickle cell anemia
occurs when a person inherits two abnormal genes (one
from each parent).

In children, hemolyzed sickle cells aggregate and
block the blood vessels, leading to infarction (stoppage of
blood supply). The infarction is common in small bones.
The infarcted small bones in hand and foot results in
varying length in the digits. This condition is known as
hand and foot syndrome. Jaundice also occurs in these
children.

Thalassemia

Thalassemia is an inherited disorder, characterized by
abnormal hemoglobin. It is also known as Cooley’s
anemia or Mediterranean anemia. It is more common
in Thailand and to some extent in Mediterranean
countries.

Thalassemia is of two types:

i. a-thalassemia

ii. p-thalassemia.
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The B-thalassemia is very common among these
two.

In normal hemoglobin, number of a and 3 polypeptide
chains is equal. In thalassemia, the production of these
chains become imbalanced because of defective
synthesis of globin genes. This causes the precipitation
of the polypeptide chains in the immature RBCs, leading
to disturbance in erythropoiesis. The precipitation also
occurs in mature red cells, resulting in hemolysis.

a-Thalassemia

a-thalassemia occurs in fetal life or infancy. In this
a-chains are less, absent or abnormal. In adults, 3-chains
are in excess and in children, y-chains are in excess.
This leads to defective erythropoiesis and hemolysis.
The infants may be stillborn or may die immediately after
birth.

B-Thalassemia

In B-thalassemia, B-chains are less in number, absent
or abnormal with an excess of a-chains. The a-chains
precipitate causing defective erythropoiesis and
hemolysis.

3. Nutrition Deficiency Anemia

Anemia that occurs due to deficiency of a nutritive
substance necessary for erythropoiesis is called nutrition
deficiency anemia. The substances which are necessary
for erythropoiesis are iron, proteins and vitamins like
C, B12 and folic acid. The types of nutrition deficiency
anemia are:

Iron deficiency anemia

Iron deficiency anemia is the most common type of
anemia. It develops due to inadequate availability of
iron for hemoglobin synthesis. RBCs are microcytic and
hypochromic.

Causes of iron deficiency anemia:

i. Loss of blood
ii. Decreased intake of iron

iii. Poor absorption of iron from intestine

iv. Increased demand for iron in conditions like

growth and pregnancy.

Features of iron deficiency anemia: Features of iron
deficiency anemia are brittle nails, spoon-shaped nails
(koilonychias), brittle hair, atrophy of papilla in tongue
and dysphagia (difficulty in swallowing).

Protein deficiency anemia

Due to deficiency of proteins, the synthesis of hemoglobin
is reduced. The RBCs are macrocytic and hypochromic.
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FIGURE 14.1: A. Normal RBC; B. Hypochromic anemia; C. Sickle cell anemia; D. Thalassemia;
E. Megaloblastic anemia (Courtesy: Dr Nivaldo Medeiros).



Pernicious anemia or Addison’s anemia

Pernicious anemia is the anemia due to deficiency of
vitamin B12. It is also called Addison’s anemia. It is due
to atrophy of the gastric mucosa because of autoimmune
destruction of parietal cells. The gastric atrophy results
in decreased production of intrinsic factor and poor
absorption of vitamin B12, which is the maturation factor
for RBC. RBCs are larger and immature with almost
normal or slightly low hemoglobin level. Synthesis of
hemoglobin is almost normal in this type of anemia. So,
cells are macrocytic and normochromic/hypochromic.

Before knowing the cause of this anemia, it was
very difficult to treat the patients and the disease was
considered to be fatal. So, it was called pernicious
anemia.

Pernicious anemia is common in old age and it is
more common in females than in males. It is associated
with other autoimmune diseases like disorders of
thyroid gland, Addison’s disease, etc. Characteristic
features of this type of anemia are lemon yellow color
of skin (due to anemic paleness and mild jaundice)
and red sore tongue. Neurological disorders such as
paresthesia (abnormal sensations like numbness,
tingling, burning, etc.), progressive weakness and
ataxia (muscular incoordination) are also observed in
extreme conditions.

Megaloblastic anemia

Megaloblastic anemia is due to the deficiency of another
maturation factor called folic acid. Here, the RBCs are
not matured. The DNA synthesis is also defective, so the
nucleus remains immature. The RBCs are megaloblastic
and hypochromic.

Featuresofperniciousanemiaappearinmegaloblastic
anemia also. However, neurological disorders may not
develop.

4. Aplastic Anemia

Aplastic anemia is due to the disorder of red bone
marrow. Red bone marrow is reduced and replaced
by fatty tissues. Bone marrow disorder occurs in the
following conditions:
i. Repeated exposure to X-ray or gamma ray
radiation.
ii. Presence of bacterial toxins, quinine, gold salts,
benzene, radium, etc.
iii. Tuberculosis.
iv. Viral infections like hepatitis and HIV infections.
In aplastic anemia, the RBCs are normocytic and
normochromic.
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5. Anemia of Chronic Diseases

Anemia of chronic diseases is the second common type of
anemia (next to iron deficiency anemia). Itis characterized
by short lifespan of RBCs, caused by disturbance in iron
metabolism or resistance to erythropoietin action. Anemia
develops after few months of sustained disease. RBCs
are normocytic and normochromic.

Common causes anemia of chronic diseases:

i. Non-infectious inflammatory diseases such
as rheumatoid arthritis (chronic inflammatory
autoimmune disorder affecting joints).

ii. Chronic infections like tuberculosis (infection
caused by Mycobacterium tuberculosis) and
abscess (collection of pus in the infected tissue)
in lungs.

iii. Chronic renal failure, in which the erythropoietin
secretion decreases (since erythropoietin is
necessary for the stimulation of bone marrow to
produce RBCs, its deficiency causes anemia).

iv. Neoplastic disorders (abnormal and disorganized
growth in tissue or organ) such as Hodgkin’s
disease (malignancy involving lymphocytes)
and cancer of lung and breast.

RBCs are generally normocytic and normochromic
in this type of anemia. However, in progressive disease
associated with iron deficiency the cells become
microcytic and hypochromic.

B SIGNS AND SYMPTOMS OF ANEMIA

B SKIN AND MUCOUS MEMBRANE

Color of the skin and mucous membrane becomes pale.
Paleness is more constant and prominent in buccal and
pharyngeal mucous membrane, conjunctivae, lips, ear
lobes, palm and nail bed. Skin looses the elasticity and
becomes thin and dry. Thinning, loss and early grayness
of hair occur. The nails become brittle and easily
breakable.

B CARDIOVASCULAR SYSTEM

There is an increase in heart rate (tachycardia) and
cardiac output. Heart is dilated and cardiac murmurs are
produced. The velocity of blood flow is increased.

B RESPIRATION

There is an increase in rate and force of respiration.
Sometimes, it leads to breathlessness and dyspnea
(difficulty in breathing). Oxygen-hemoglobin dissociation
curve is shifted to right.
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B DIGESTION

Anorexia, nausea, vomiting, abdominal discomfort and
constipation are common. In pernicious anemia, there is
atrophy of papillae in tongue. In aplastic anemia, necrotic
lesions appear in mouth and pharynx.

B METABOLISM

Basal metabolic rate increases in severe anemia.

B KIDNEY

Renal function is disturbed. Alouminuria is common.

B REPRODUCTIVE SYSTEM

In females, the menstrual cycle is disturbed. There
may be menorrhagia, oligomenorrhea or amenorrhea
(Chapter 80).

B NEUROMUSCULAR SYSTEM

Common neuromuscular symptoms are increased
sensitivity to cold, headache, lack of concentration, rest-
lessness, irritability, drowsiness, dizziness or vertigo
(especially while standing) and fainting. Muscles become
weak and the patient feels lack of energy and fatigued
quite often and quite easily.
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B DEFINITION

1. Hemolysis: Hemolysis is the destruction of formed
elements. To define more specifically, it is the
process, which involves the breakdown of red blood
cells (RBCs) and liberation of hemoglobin.

2. Fragility: Susceptibility (to be affected) of RBC
to hemolysis or tendency to break easily is called
fragility (Fragile = easily broken).

Fragility is of two types:
i. Osmotic fragility, which occurs due to exposure
to hypotonic saline

ii. Mechanical fragility, which occurs due to

mechanical trauma (wound or injury).

Under normal conditions, only old RBCs are des-
troyed in the reticuloendothelial system. Abnormal hemo-
lysis is the process by which even younger RBCs are
destroyed in large number by the presence of hemolytic
agents or hemolysins.

B PROCESS OF HEMOLYSIS

Normally, plasma and RBCs are in osmotic equilibrium.
When the osmotic equilibrium is disturbed, the cells are
affected. For example, when the RBCs are immersed in
hypotonic saline the cells swell and rupture by bursting
because of endosmosis (Chapter 4). The hemoglobin is
released from the ruptured RBCs.

B FRAGILITY TEST

Fragility test is a test that measures the resistance of
erythrocytesinhypotonicsaline solution. Itisdone by using
sodium chloride solution at different concentrations from
1.2% to 0.2%. The solutions at different concentrations
are taken in series of Cohn’s tubes. Then one drop of
blood to be tested is added to each tube. The sodium
chloride solution and the blood in each tube are mixed
well and left undisturbed for some time.

Results can be analyzed by observing the tubes
directly or by centrifuging the tubes after 15 minutes.

Direct observations

1. If there is no hemolysis: Fluid in the tube appears
turbid

2. If hemolysis is started: Turbidity is reduced

3. If hemolysis is completed: Fluid becomes clear.

Observations after centrifugation

1. Ifthere is no hemolysis: Cells sediment at the bottom
with clear colorless fluid above

2. If hemolysis is started: Cell sedimentation is less
and the fluid becomes slightly reddish because of
the release of small amount of hemoglobin from few
hemolyzed RBCs

3. If hemolysis is completed: Fluid becomes more
reddish without any sedimentation due to release of
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more amount of hemoglobin from all the hemolyzed

cells.

Index for Fragility

B.

Substances of bacterial origin or substances found
in body.

B A. CHEMICAL SUBSTANCES

After 20 minutes: 1. Alcohol
No hemolysis = upto0.6% 2. Benzene
Onset of hemolysis = around 0.45% 3. Chloroform
Completion of hemolysis = around 0.35% 4. Ether
At 0.45%, only the older cells are destroyed 5 Acids

because, their membrane is fragile. So, these cells .

. . . 6. Alkalis

cannot withstand this hypotonicity. But, younger cells .

are not affected. At 0.35%, even the younger cells are 7. Bile Sallts

destroyed. 8. Saponin

9. Chemical poisons like:

i. Arsenial preparations
ii. Carbolic acid

iii. Nitrobenzene

iv. Resin.

B CONDITIONS WHEN HEMOLYSIS OCCURS

Hemolytic jaundice

Antigen-antibody reactions

Poisoning by chemicals or toxins

While using artificial kidney for hemodialysis or
heart-lung machine during cardiac surgery (rare
occasions).

PON-~

B B. SUBSTANCES OF BACTERIAL ORIGIN OR
SUBSTANCES FOUND IN BODY

1. Toxic substances or toxins from bacteria:
B HEMOLYSINS i. Streptococcus

Hemolysins or hemolytic agents are the substances, ii. Staphylococcus

which cause destruction of RBCs. The hemolysins are iii. Tetanus bacillus, etc.

of two types: 2. Venom of poisonous snakes like cobra
A. Chemical substances 3. Hemolysins from normal tissues.
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B INTRODUCTION

White blood cells (WBCs) or leukocytes are the colorless
and nucleated formed elements of blood (leuko is derived
from Greek word leukos = white). Alternate spelling for
leukocytes is leucocytes.

Compared to RBCs, the WBCs are larger in size
and lesser in number. Yet functionally, these cells are
important like RBCs because of their role in defense
mechanism of body and protect the body from invading
organisms by acting like soldiers.

WBCs Vs RBCs

WBCs differ from RBCs in many aspects. The differences
between WBCs and RBCs are given in Table 16.1.
Larger in size.

Irregular in shape.

Nucleated.

Many types.

Granules are present in some type of WBCs.
Lifespan is shorter.

o wWNE

Bl CLASSIFICATION

Some of the WBCs have granules in the cytoplasm.
Based on the presence or absence of granules in the
cytoplasm, the leukocytes are classified into two groups:
1. Granulocytes which have granules.
2. Agranulocytes which do not have granules.

1. Granulocytes

Depending upon the staining property of granules, the
granulocytes are classified into three types:
i. Neutrophils with granules taking both acidic and
basic stains.
ii. Eosinophils with granules taking acidic stain.
iii. Basophils with granules taking basic stain.

2. Agranulocytes

Agranulocytes have plain cytoplasm without granules.
Agranulocytes are of two types:

i. Monocytes.

ii. Lymphocytes.

B MORPHOLOGY OF WHITE BLOOD CELLS

B NEUTROPHILS

Neutrophils which are also known as polymorphs have
fine or small granules in the cytoplasm. The granules take
acidic and basic stains. When stained with Leishman’s
stain (which contains acidic eosin and basic methylene
blue) the granules appear violet in color.

Nucleus is multilobed (Fig. 16.1). The number of
lobes in the nucleus depends upon the age of cell. In
younger cells, the nucleus is not lobed. And in older
neutrophils, the nucleus has 2 to 5 lobes. The diameter
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TABLE 16.1: Differences between WBCs and RBCs

Feature WBCs RBCs
Color Colorless Red
Number Less: 4,000 to More: 4.5t0 5.5
11,000/cu mm million/cu mm
Larger Smaller
Size Maximum diameter = Maximum diameter =
18 u 7.4 1
Shape Irregular Disk-shapediand
biconcave
Nucleus  Present Absent
Granules Present in some types Absent
Types Many types Only one type
Lifespan Shorter Longer
P % to 15 days 120 days
- Fine granules with eosin
thyl bl tai
Neutrophil and methylene blue stain
----- Multilobed nucleus
. Coarse granules
with eosin stain
Eosinophil
Bilobed nucleus
——-—- Coarse granules with
. methylene blue stain
Basophil
----- Bilobed nucleus
Nucleus pushed
to one side
Monocyte

FIGURE 16.1: Different

Clear cytoplasm

Clear cytoplasm

Nucleus occupying
whole of cytoplasm
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of cell is 10 to 12 p (Table 16.2). The neutrophils are
ameboid in nature.

B EOSINOPHILS

Eosinophils have coarse (larger) granules in the
cytoplasm, which stain pink or red with eosin. Nucleus
is bilobed and spectacle-shaped. Diameter of the cell
varies between 10 and 14 p.

B BASOPHILS

Basophils also have coarse granules in the cytoplasm.
The granules stain purple blue with methylene blue.
Nucleus is bilobed. Diameter of the cell is 8 to 10 p.

B MONOCYTES

Monocytes are the largest leukocytes with diameter of
14 to 18 p. The cytoplasm is clear without granules.
Nucleus is round, oval and horseshoe shaped, bean
shaped or kidney shaped. Nucleus is placed either in
the center of the cell or pushed to one side and a large
amount of cytoplasm is seen.

B LYMPHOCYTES

Like monocytes, the lymphocytes also do not have
granules in the cytoplasm. Nucleus is oval, bean-shaped
or kidney-shaped. Nucleus occupies the whole of the
cytoplasm. A rim of cytoplasm may or may not be seen.

Types of Lymphocytes

Depending upon the size, lymphocytes are divided into
two groups:
1. Large lymphocytes: Younger cells with a diameter of
10 to 12 p.
2. Small lymphocytes: Older cells with a diameter of 7
to 10 p.
Depending upon the function, lymphocytes are
divided into two types:
1. T lymphocytes: Cells concerned with cellular immunity.
2. B lymphocytes: Cells concerned with humoral
immunity.

TABLE 16.2: Diameter and lifespan of WBCs

Diameter Lifespan

NEE W) (days)
Neutrophils 10to 12 2to 5
Eosinophils 10 to 14 7to 12
Basophils 8to 10 12 to 15
Monocytes 14 to 18 2to 5
Lymphocytes 7to12 ¥%to 1




B NORMAL WHITE BLOOD CELL COUNT

1. Total WBC count (TC): 4,000 to 11,000/cu mm of
blood.
2. Differential WBC count (DC): Given in Table 16.3.

B VARIATIONS IN WHITE BLOOD
CELL COUNT

Leukocytosis

Leukocytosis is the increase in total WBC count.
Leukocytosis occurs in both physiological and path-
ological conditions.

Leukopenia

Leukopenia s the decrease in total WBC count. The term
leukopenia is generally used for pathological conditions
only.

Granulocytosis

Granulocytosis is the abnormal increase in the number
of granulocytes.

Granulocytopenia

Granulocytopenia is the abnormal reduction in the
number of granulocytes.

Agranulocytosis

Agranulocytosis is the acute pathological condition
characterized by absolute lack of granulocytes.

B PHYSIOLOGICAL VARIATIONS

1. Age: WBC count is about 20,000 per cu mm in
infants and about 10,000 to 15,000 per cu mm of
blood in children. In adults, it ranges between 4,000
and 11,000 per cu mm of blood.

2. Sex: Slightly more in males than in females.

3. Diurnal variation: Minimum in early morning and
maximum in the afternoon.

TABLE 16.3: Normal values of different WBCs

WBC Percentage Absolute value
per cu mm
Neutrophils 50to 70 3,000 to 6,000
Eosinophils 2to4 150 to 450
Basophils Oto1 0 to 100
Monocytes 2t06 200 to 600
Lymphocytes 20 to 30 1,500 to 2,700
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Exercise: Increases slightly.

Sleep: Decreases.

Emotional conditions like anxiety: Increases.
Pregnancy: Increases.

Menstruation: Increases.

Parturition: Increases.

©oNo O A

B PATHOLOGICAL VARIATIONS

All types of leukocytes do not share equally in the
increase or decrease of total leukocyte count. In general,
the neutrophils and lymphocytes vary in opposite
directions.

Leukocytosis

Leukocytosis is the increase in total leukocyte (WBC)
count. It occurs in conditions such as:
1. Infections
Allergy
Common cold
Tuberculosis
Glandular fever.

arLODN

Leukemia

Leukemia is the condition which is characterized by
abnormal and uncontrolled increase in leukocyte count
more than 1,000,000/cu mm. It is also called blood
cancer.

Leukopenia

Leukopenia is the decrease in the total WBC count. It
occurs in the following pathological conditions:
Anaphylactic shock

Cirrhosis of liver

Disorders of spleen

Pernicious anemia

Typhoid and paratyphoid

Viral infections.

ok wnNE

Variation in Differential Leukocyte Count

Differential leukocyte count varies in specific diseases.
Details are given in Table 16.4.

Neutrophilia

Neutrophilia or neutrophilic leukocytosis is the increase
in neutrophil count. It occurs in the following conditions:
1. Acute infections
2. Metabolic disorders
3. Injection of foreign proteins
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4. Injection of vaccines Eosinophilia

5. Poisoning by chemicals and drugs like lead, mercury,  Eosinophilia is the increase in eosinophil count and it
camphor, benzene derivatives, etc. occurs in:

6. Poisoning by insect venom 1. Asthma and other allergic conditions

7. After acute hemorrhage. 2. Blood parasitism (malaria, filariasis)

TABLE 16.4: Pathological variations in different types of WBCs

Disorder Variation Conditions
1. Acute infections
2. Metabolic disorders
Neutrophilia or 3. InJ_ect!on of forelgn proteins
. . . 4. Injection of vaccines
neutrophilic Increase in neutrophil count S ; .
- 5. Poisoning by chemicals and drugs like lead, mercury,
leukocytosis L
camphor, benzene derivatives, etc.
6. Poisoning by insect venom
7. After acute hemorrhage
1. Bone marrow disorders
. . . 2. Tuberculosis
Neutropenia Decrease in neutrophil count 3. Typhoid
4. Autoimmune diseases
1. Allergic conditions like asthma
. . . . . 2. Blood parasitism (malaria, filariasis)
Eosinophilia Increase in eosinophil count . o
3. Intestinal parasitism
4. Scarlet fever
1. Cushing’s syndrome
2. Bacterial infections
Eosinopenia Decrease in eosinophil count 3. Stress
4. Prolonged administration of drugs like steroids, ACTH and
epinephrine
1. Smallpox
Basophilia Increase in basophil count 2. Chickenpox
3. Polycythemia vera
1. Urticaria (skin disorder)
Basopenia Decrease in basophil count 2. Stress
3. Prolonged exposure to chemotherapy or radiation therapy
1. Tuberculosis
. . 2. Syphilis
Monocytosis Increase in monocyte count 3 Malaria
4. Kala-azar
Monocytopenia Decrease in monocyte count Prolonged use of prednisone (immunosuppressant steroid)
1. Diphtheria
2. Infectious hepatitis
3. Mumps
. . 4. Malnutrition
Lymphocytosis Increase in lymphocyte count 5. Rickets
6. Syphilis
7. Thyrotoxicosis
8. Tuberculosis
1. AIDS
2. Hodgkin’s disease (cancer of lymphatic system)
Lymphocytopenia Decrease in lymphocyte count 3. Malnutrition
4. Radiation therapy
5. Steroid administration




3. Intestinal parasitism
4. Scarlet fever.

Basophilia

Basophilia is the increase in basophil count and it occurs
in:

1. Smallpox

2. Chickenpox

3. Polycythemia vera.

Monocytosis

Monocytosis is the increase in monocyte count and it
occurs in:

1. Tuberculosis

2. Syphilis

3. Malaria

4. Kala-azar

5. Glandular fever.

Lymphocytosis

Lymphocytosis is the increase in lymphocyte count and
it occurs in:

Diphtheria

Infectious hepatitis

Mumps

Malnutrition

Rickets

Syphilis

Thyrotoxicosis

Tuberculosis.
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Neutropenia

Neutropenia is the decrease in neutrophil count. It
occurs in:

1. Bone marrow disorders

2. Tuberculosis

3. Typhoid

4. Vitamin deficiencies

5. Autoimmune diseases.

Eosinopenia

Decrease in eosinophil count is called eosinopenia. It

occurs in:

1. Cushing’s syndrome

2. Bacterial infections

3. Stress

4. Prolonged administration of drugs such as steroids,
ACTH, epinephrine.
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Basopenia

Basopenia or basophilic leukopenia is the decrease in

basophil count. It occurs in:

1. Urticaria (skin disorder)

2. Stress

3. Prolonged exposure to chemotherapy or radiation
therapy.

Monocytopenia

Monocytopenia is the decrease in monocyte count. It

occurs in:

1. Prolonged use of prednisone (immunosuppressant
steroid)

2. AIDS

3. Chronic lymphoid leukemia.

Lymphocytopenia

Lymphocytopenia is the decrease in lymphocytes. It
occurs in:

AIDS

Hodgkin’s disease (cancer of the lymphatic system)
Malnutrition

Radiation therapy

Steroid administration.

agrwnE

B LIFESPAN OF WHITE BLOOD CELLS

Lifespan of WBCs is not constant. It depends upon the
demand in the body and their function. Lifespan of these
cells may be as short as half a day or it may be as long
as 3 to 6 months. Lifespan of WBCs is given in Table
16.2.

B PROPERTIES OF WHITE BLOOD CELLS

1. Diapedesis

Diapedesis is the process by which the leukocytes
squeeze through the narrow blood vessels.

2. Ameboid Movement

Neutrophils, monocytes and lymphocytes show amebic
movement, characterized by protrusion of the cytoplasm
and change in the shape.

3. Chemotaxis

Chemotaxis is the attraction of WBCs towards the injured
tissues by the chemical substances released at the site
of injury.
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4. Phagocytosis

Neutrophils and monocytes engulf the foreign bodies by
means of phagocytosis (Chapter 3).

B FUNCTIONS OF WHITE BLOOD CELLS

Generally, WBCs play an important role in defense
mechanism. These cells protect the body from invading
organisms or foreign bodies, either by destroying or
inactivating them. However, in defense mechanism,
each type of WBCs acts in a different way.

B NEUTROPHILS

Neutrophils play an important role in the defense
mechanism of the body. Along with monocytes, the
neutrophils provide the first line of defense against the
invading microorganisms. The neutrophils are the free
cells in the body and wander freely through the tissue
and practically, no part of the body is spared by these
leukocytes.

Substances Present in Granules and Cytoplasm
of Neutrophils

Granules of neutrophils contain enzymes like proteases,
myeloperoxidases, elastases and metalloproteinases
(Table 16.5). These enzymesdestroythe microorganisms.
The granules also contain antibody like peptides called
cathelicidins and defensins, which are antimicrobial
peptides and are active against bacteria and fungi.

Membrane of neutrophils contains an enzyme
called NADPH oxidase (dihydronicotinamide adenine
dinucleotide phosphate oxidase). It is activated by the
toxic metabolites released from infected tissues. The
activated NADPH oxidase is responsible for bactericidal
action of neutrophils (see below).

All these substances present in the granules and cell
membrane make the neutrophil a powerful and effective
killer machine.

Neutrophils also secrete platelet-activating factor
(PAF), which is a cytokine. It accelerates the aggregation
of platelets during injury to the blood vessel, resulting in
prevention of excess loss of blood.

Mechanism of Action of Neutrophils

Neutrophils are released in large number at the site
of infection from the blood. At the same time, new
neutrophils are produced from the progenitor cells. All
the neutrophils move by diapedesis towards the site of
infection due to chemotaxis.

Chemotaxis occurs due to the attraction by some
chemical substances called chemoattractants, which are

released from the infected area. After reaching the area,
the neutrophils surround the area and get adhered to the
infected tissues. Chemoattractantsincrease the adhesive
nature of neutrophils so that all the neutrophils become
sticky and get attached firmly to the infected area. Each
neutrophil can hold about 15 to 20 microorganisms at a
time. Now, the neutrophils start destroying the invaders.
First, these cells engulf the bacteria and then destroy
them by means of phagocytosis (Chapter 3).

Respiratory Burst

Respiratory burst is a rapid increase in oxygen
consumption during the process of phagocytosis by
neutrophils and other phagocytic cells. Nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase is
responsible for this phenomenon. During respiratory
burst, the free radical O, is formed. 20,  combine
with 2H* to form H,O, (hydrogen peroxide). Both O,
and H,O, are the oxidants having potent bactericidal
action.

Pus and Pus Cells

Pus is the whitish yellow fluid formed in the infected
tissue by the dead WBCs, bacteria or foreign bodies and
cellular debris. It consists of white blood cells, bacteria
or other foreign bodies and cellular debris. The dead
WBCs are called pus cells.

During the battle against the bacteria, many WBCs
are killed by the toxins released from the bacteria. The
dead cells are collected in the center of infected area.
The dead cells together with plasma leaked from the
blood vessel, liquefied tissue cells and RBCs escaped
from damaged blood vessel (capillaries) constitute the
pus.

B EOSINOPHILS

Eosinophils play an important role in the defense
mechanism of the body against the parasites. During
parasitic infections, there is a production of a large
number of eosinophils which move towards the tissues
affected by parasites. Eosinophil count increases also
during allergic diseases like asthma.

Eosinophils are responsible for detoxification,
disintegration and removal of foreign proteins.

Mechanism of Action of Eosinophils

Eosinophils are neither markedly motile nor phagocytic
like the neutrophils. Some of the parasites are larger in
size. Still eosinophils attack them by some special type
of cytotoxic substances present in their granules. When
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TABLE 16.5: Substances secreted by WBCs

Substance secreted
Proteases
Myeloperoxidases
Elastases

Metalloproteinases

Defensins

Cathelicidins

NADPH oxidase
Platelet-activating factor
Eosinophil peroxidase
Major basic protein

Eosinophil cationic protein
Eosinophil-derived neurotoxin
Interleukin-4 and 5

Heparin
Histamine
Bradykinin
Serotonin
Proteases

Myeloperoxidases

Interleukin-4

Interleukin-1

Colony stimulation factor
Platelet-activating factor
Chemokines

Interleukin-2, 4 and 5

Gamma interferon

Lysosomal enzymes

Tumor necrosis factor

Chemokines

Action

Destruction of microorganisms

Antimicrobial action
Anti-inflammatory action
Wound healing
Chemotaxis

Antimicrobial action

Bactericidal action

Aggregation of platelets

Destruction of worms, bacteria and tumor cells
Destruction of worms

Destruction of worms
Neurotoxic action

Neurotoxic action

Acceleration of inflammatory response
Destruction of invading organisms

Prevention of intravascular blood clotting

Production of acute hypersensitivity reactions

Destruction of microorganisms

Acceleration of inflammatory response
Destruction of invading organisms

Acceleration of inflammatory response
Destruction of invading organisms

Formation of colony forming blastocytes
Aggregation of platelets
Chemotaxis

Acceleration of inflammatory response
Destruction of invading organisms
Activation of T cells

Stimulation of phagocytic actions of cytotoxic cells, macrophages
and natural killer cells

Destruction of invading organisms

Necrosis of tumor
Activation of immune system
Promotion of inflammation

Chemotaxis

Contd...
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Immunoglobulins
B lymphocytes Tumor necrosis factor

Chemokines

Destruction of invading organisms

Necrosis of tumor
Activation of immune system
Acceleration of inflammatory response

Chemotaxis

released over the invading parasites from the granules,
these substances become lethal and destroy the
parasites. The lethal substances present in the granules
of eosinophils and released at the time of exposure to
parasites or foreign proteins are:

1. Eosinophil peroxidase: This enzyme is capable of
destroying helminths (parasitic worms), bacteria
and tumor cells.

2. Major basic protein (MBP): It is very active against
helminths. It destroys the parasitic worms by
causing distension (ballooning) and detachment of
the tegumental sheath (skin-like covering) of these
organisms.

3. Eosinophil cationic protein (ECP): This substance is
the major destroyer of helminths and it is about 10
times more toxic than MBP. It destroys the parasites
by means of complete disintegration. It is also a
neurotoxin.

4. Eosinophil-derived neurotoxin: It destroys the nerve
fibers particularly, the myelinated nerve fibers.

5. Cytokines: Cytokines such as interleukin-4 and
interleukin-5 accelerate inflammatory responses by
activating eosinophils. These cytokines also kill the
invading organisms.

B BASOPHILS

Basophils play an important role in healing processes.
So their number increases during healing process.

Basophils also play an important role in allergy
or acute hypersensitivity reactions (allergy). This is
because of the presence of receptors for IgE in basophil
membrane.

Mechanism of Action of Basophils

Functions of basophils are executed by the release of
some important substances from their granules such
as:

1. Heparin: Heparin is essential
intravascular blood clotting.

2. Histamine, slow-reacting substances of anaphylaxis,
bradykinin and serotonin: Theses substances
produce the acute hypersensitivity reactions by
causing vascular and tissue responses.

3. Proteases and myeloperoxidase: These enzymes
destroy the microorganisms.

to prevent the

4. Cytokine: Cytokine such as interleukin-4 accelerates
inflammatory responses and kill the invading
organisms.

Mast Cell

Mast cell is a large tissue cell resembling the basophil.
Generally, mast cells are found along with the blood
vessels and are prominently seen in the areas such as
skin, mucosa of the lungs and digestive tract, mouth,
conjunctiva and nose. These cells usually do not enter
the bloodstream.

Origin
Mast cells are developed in the bone marrow, but their
precursor cells are different. After differentiation, the

immature mast cells enter the tissues. Maturation of
mast cells takes place only after entering the tissue.

Functions

Mast cell plays an important role in producing the
hypersensitivity reactions like allergy and anaphylaxis
(Chapter 17). When activated, the mast cell immediately
releases various chemical mediators from its granules
into the interstitium. Two types of substances are
secreted by mast cell:

1. Preformed mediators: These substances are already
formed and stored in secretory granules. These
substances are histamine, heparin, serotonin,
hydrolytic enzymes, proteoglycans and chondroitin
sulfates.

2. Newly generated mediators: These substances are
absent in the mast cell during resting conditions
and are produced only during activation. These
substances are arachidonic acid derivatives such as
leukotriene C (LTC), prostaglandin and cytokines.

B MONOCYTES

Monocytes are the largest cells among the leukocytes.
Like neutrophils, monocytes also are motile and
phagocytic in nature. These cells wander freely through
all tissues of the body.



Monocytes play an important role in defense of the
body. Along with neutrophils, these leukocytes provide
the first line of defense.

Monocytes secrete:

1. Interleukin-1 (IL-1).
2. Colony stimulating factor (M-CSF).
3. Platelet-activating factor (PAF).

Monocytes are the precursors of the tissue macro-
phages. Matured monocytes stay in the blood only for
few hours. Afterwards, these cells enter the tissues from
the blood and become tissue macrophages. Examples
of tissue macrophages are Kupffer cells in liver, alveolar
macrophages in lungs and macrophages in spleen.
Functions of macrophages are discussed in Chapter 24.
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B LYMPHOCYTES

Lymphocytes play an important role in immunity.
Functionally, the lymphocytes are classified into two
categories, namely T lymphocytes and B lymphocytes.
T lymphocytes are responsible for the development of
cellular immunity and B lymphocytes are responsible for
the development of humoral immunity. The functions of
these two types of lymphocytes are explained in detail
in Chapter 17.

B LEUKOPOIESIS

Leukopoiesis is the development and maturation of
leukocytes (Fig. 16.2).

PLURIPOTENT STEM CELL

l

|

Lymphoid stem cell

!

Colony forming blastocyte

Colony forming unit — E Colony forming unit — M
(RBC) (Platelets)
Colony forming unit — GM
Myeloblast
v
Lymphoblast J Promyelocyte Monoblast |
=
! ' }
Neutrophil Basophil Eosinophil Promonocyte
myelocyte myelocyte myelocyte =
Neutrophil Basophil Eosinophil
metamyelocyte metamyelocyte metamyelocyte
} | | } }

Lymphocytes Neutrophil

Basophil

Eosinophil Monocyte |

FIGURE 16.2: Leukopoiesis
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B STEM CELLS

Committed pluripotent stem cell gives rise to leukocytes
through various stages. Details are given in Chapter
10.

B FACTORS NECESSARY FOR LEUKOPOIESIS

Leukopoiesis is influenced by hemopoietic growth
factors and colony stimulating factors. Hemopoietic
growth factors are discussed in Chapter 10.

Colony stimulating Factors

Colony stimulating factors (CSF) are proteins which

cause the formation of colony forming blastocytes.

Colony stimulating factors are of three types:

1. Granulocyte-CSF (G-CSF) secreted by monocytes
and endothelial cells

2. Granulocyte-monocyte-CSF (GM-CSF) secreted by
monocytes, endothelial cells and T lymphocytes

3. Monocyte-CSF (M-CSF) secreted by monocytes
and endothelial cells.
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ANTIGENS

NATURAL KILLER CELL
CYTOKINES
IMMUNIZATION

AUTOIMMUNE DISEASES

DEFINITION AND TYPES OF IMMUNITY
DEVELOPMENT AND PROCESSING OF LYMPHOCYTES

DEVELOPMENT OF CELL-MEDIATED IMMUNITY
DEVELOPMENT OF HUMORAL IMMUNITY

IMMUNE DEFICIENCY DISEASES

ALLERGY AND IMMUNOLOGICAL HYPERSENSITIVITY REACTIONS

B DEFINITION AND TYPES OF IMMUNITY

Immunity is defined as the capacity of the body to resist
pathogenic agents. It is the ability of body to resist the
entry of different types of foreign bodies like bacteria,
virus, toxic substances, etc.

Immunity is of two types:

I. Innate immunity.

1. Acquired immunity.

B [INNATE IMMUNITY OR NON-SPECIFIC IMMUNITY

Innate immunity is the inborn capacity of the body to
resist pathogens. By chance, if the organisms enter
the body, innate immunity eliminates them before the
development of any disease. It is otherwise called the
natural or non-specific immunity.

This type of immunity represents the first line of
defense against any type of pathogens. Therefore, it is
also called non-specific immunity.

Mechanisms of Innate Immunity

Various mechanisms of innate immunity are given in
Table 17.1.

B ACQUIRED IMMUNITY OR SPECIFIC IMMUNITY

Acquired immunity is the resistance developed in the
body against any specific foreign body like bacteria,
viruses, toxins, vaccines or transplanted tissues. So, this
type of immunity is also known as specific immunity.

It is the most powerful immune mechanism that
protects the body from the invading organisms or toxic
substances. Lymphocytes are responsible for acquired
immunity (Fig. 17.1).

Types of Acquired Immunity

Two types of acquired immunity develop in the body:
1. Cellular immunity
2. Humoral immunity.
Lymphocytes are responsible for the development
of these two types of immunity.

B DEVELOPMENT AND PROCESSING
OF LYMPHOCYTES

In fetus, lymphocytes develop from the bone marrow
(Chapter 10). All lymphocytes are released in the
circulation and are differentiated into two categories.
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TABLE 17.1: Mechanisms of innate immunity

Structures and Mediators Mechanism

Gastrointestinal tract

Respiratory system

Urinogenital system

Skin

Phagocytic cells

Interferons

Complement proteins

Enzymes in digestive juices and the acid in stomach destroy the toxic substances or
organisms entering digestive tract through food
Lysozyme present in saliva destroys bacteria

Defensins and cathelicidins in epithelial cells of air passage are antimicrobial peptides
Neutrophils, lymphocytes, macrophages and natural killer cells present in lungs act
against bacteria and virus

Acidity in urine and vaginal fluid destroy the bacteria

The keratinized stratum corneum of epidermis protects the skin against toxic chemicals
The B-defensins in skin are antimicrobial peptides
Lysozyme secreted in skin destroys bacteria

Neutrophils, monocytes and macrophages ingest and destroy the microorganisms and
foreign bodies by phagocytosis

Inhibit multiplication of viruses, parasites and cancer cells
Accelerate the destruction of microorganisms

The two categories are:

1. T lymphocytes or T cells, which are responsible for
the development of cellular immunity

2. B lymphocytes or B cells, which are responsible for
humoral immunity.

B T LYMPHOCYTES

T lymphocytes are processed in thymus. The processing
occurs mostly during the period between just before birth
and few months after birth.

Thymus secretes a hormone called thymosin, which
plays an important role in immunity. It accelerates the
proliferation and activation of lymphocytes in thymus. It
also increases the activity of lymphocytes in lymphoid
tissues.

Types of T Lymphocytes

During the processing, T lymphocytes are transformed
into four types:

1. Helper T cells or inducer T cells. These cells are
also called CD4 cells because of the presence of
molecules called CD4 on their surface.

2. Cytotoxic T cells or killer T cells. These cells are
also called CD8 cells because of the presence of
molecules called CD8 on their surface.

3. Suppressor T cells.

4. Memory T cells.

Storage of T Lymphocytes

After the transformation, all the types of T lymphocytes
leave the thymus and are stored in lymphoid tissues of
lymph nodes, spleen, bone marrow and Gl tract.

B B LYMPHOCYTES

B lymphocytes were first discovered in the bursa of
Fabricius in birds, hence the name B lymphocytes.
Bursa of Fabricius is a lymphoid organ situated near
the cloaca of birds. Bursa is absent in mammals and the
processing of B lymphocytes takes place in liver (during
fetal life) and bone marrow (after birth).

Types of B Lymphocytes

After processing, the B lymphocytes are transformed
into two types:

1. Plasma cells.

2. Memory cells.

Storage of B Lymphocytes

After transformation, the B lymphocytes are stored in the
lymphoid tissues of lymph nodes, spleen, bone marrow
and the Gl tract.

B ANTIGENS

B DEFINITION AND TYPES

Antigens are the substances which induce specific
immune reactions in the body.
Antigens are of two types:

1. Autoantigens or self antigens present on the body’s
own cells such as ‘A’ antigen and ‘B’ antigen in
RBCs.

2. Foreign antigen s or non-self antigens that enter the
body from outside.
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Naturally present in the body by birth J Develops against invading organism J

!

Destruction of invading organisms by antigen-presenting cells J

!

Release of antigen J

|

Presentation of antigen to J

| | I
T lymphocyte B lymphocyte

Development of cell-mediated immunity Development of humoral immunity '

Activation of helper T cells J Activation of B cells
Activation of cytotoxic T cells J Formation of plasma cells

Production of antibodies '

Destruction of invading
organism by antibodies

Destruction of invading
organism by direct attack

FIGURE 17.1: Schematic diagram showing development of immunity

B NON-SELF ANTIGENS 2. Toxins from microbial organisms.
Following are non-self antigens: 3. Materials from transplanted organs or incompatible
1. Receptors on the cell membrane of microbial blood cells.

organisms such as bacteria, viruses and fungi_ 4. Allergens or allergic substances like pollen grains.
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Types of Non-self Antigens

Non-self antigens are classified into two types, depending

upon the response developed against them in the body:

1. Antigens, which induce the development of immunity
or production of antibodies (immunogenicity).

2. Antigens, which react with specific antibodies and
produce allergic reactions (allergic reactivity). (The
allergic reaction is explained in the later part of this
chapter).

B CHEMICAL NATURE OF THE ANTIGENS

Antigens are mostly the conjugated proteins like
lipoproteins, glycoproteins and nucleoproteins.

B DEVELOPMENT OF
CELL-MEDIATED IMMUNITY

B INTRODUCTION

Cell-mediated immunity is defined as the immunity
developed by cell-mediated response. It is also called
cellular immunity or T cell immunity. It involves several
types of cells such as T lymphocytes, macrophages and
natural killer cells and hence the name cell mediated
immunity. Cell-mediated immunity does not involve
antibodies.

Cellular immunity is the major defense mechanism
against infections by viruses, fungi and few bacteria like
tubercle bacillus. Itis also responsible for delayed allergic
reactions and the rejection of transplanted tissues.

Cell-mediated immunity is offered by T lymphocytes
and it starts developing when T cells come in contact
with the antigens. Usually, the invading microbial or
non-microbial organisms carry the antigenic materials.
These antigenic materials are released from invading
organisms and are presented to the helper T cells by
antigen-presenting cells.

B ANTIGEN-PRESENTING CELLS

Antigen-presenting cells are the special type of cells
in the body, which induce the release of antigenic
materials from invading organisms and later present
these materials to the helper T cells.

Types of Antigen-Presenting Cells

Antigen-presenting cells are of three types:
1. Macrophages
2. Dendritic cells
3. B lymphocytes.
Among these cells, macrophages are the major anti-
gen-presenting cells.

1. Macrophages

Macrophages are the large phagocytic cells, which
digest the invading organisms to release the antigen.
The macrophages are present along with lymphocytes
in almost all the lymphoid tissues.

2. Dendritic Cells

Dendritic cells are nonphagocytic in nature. Based on
the location, dendritic cells are classified into three
categories:
i. Dendritic cells of spleen, which trap the antigen
in blood.
ii. Follicular dendritic cells in lymph nodes, which
trap the antigen in the lymph.
iii. Langerhans dendritic cells in skin, which trap the
organisms coming in contact with body surface.

3. B Lymphocytes

Recently, it is found that B lymphocytes also act as
antigen-presenting cells. Thus, the B cells function as
both antigen-presenting cells and antigen receiving
cells. However, B cells are the least efficient antigen-
presenting cells and need to be activated by helper T
cells.

Role of Antigen-presenting Cells

Invading foreign organisms are either engulfed by
macrophages through phagocytosis or trapped by
dendritic cells. Later, the antigen from these organisms
is digested into small peptide products. These antigenic
peptide products move towards the surface of the
antigen-presenting cells and bind with human leukocyte
antigen (HLA). HLA is a genetic matter present in the
molecule of class Il major histocompatiblility complex
(MHC), which is situated on the surface of the antigen-
presenting cells.

B-cells ingest the foreign bodies by means of
pinocytosis. Role of B cells as antigen-presenting cells
in the body is not fully understood.

MHC and HLA

Major histocompatibility complex (MHC) is a large mole-
cule presentin the short arm of chromosome 6. It is made
up of a group of genes which are involved in immune
system. It has more than 200 genes including HLA
genes. HLA is made up of genes with small molecules. It
encodes antigen-presenting proteins on the cell surface.

Though MHC molecules and HLA genes are distinct
terms, both are used interchangeably. Particularly in
human, the MHC molecules are often referred as HLA



molecules. MHC molecules in human beings are divided
into two types:

1. Class | MHC molecule: It is found on every cell
in human body. It is specifically responsible for
presentation of endogenous antigens (antigens
produced intracellularly such as viral proteins and
tumor antigens) to cytotoxic T cells.

2. Class Il MHC molecule: It is found on B cells,
macrophages and other antigen-presenting cells. It
is responsible for presenting the exogenous antigens
(antigens of bacteria or viruses which are engulfed
by antigen-presenting cells) to helper T cells.

Presentation of Antigen

Antigen-presenting cells present their class II MHC
molecules together with antigen-bound HLA to the helper
T cells. This activates the helper T cells through series of
events (Fig. 17.2).

Sequence of Events during Activation
of Helper T cells

1. Helper T cell recognizes the antigen displayed on
the surface of the antigen-presenting cell with the
help of its own surface receptor protein called T cell
receptor.

2. Recognition of the antigen by the helper T cell
initiates a complex interaction between the helper T
cell receptor and the antigen. This reaction activates
helper T cells.

3. Atthe sametime, macrophages (the antigen-present-
ing cells) release interleukin-1, which facilitates the
activation and proliferation of helper T cells.

4. Activated helper T cells proliferate and the prolifera-
ted cells enter the circulation for further actions.

v -——-————- Antigenic peptide

Class Il MHC

Antigen-
presenting cell

FIGURE 17.2: Antigen presentation. The antigen-presenting
cells present their class Il MHC molecules together with
antigen-bound HLA to the helper T cells. MHC = Major
histocompatiblility complex. HLA = Human leukocyte antigen.
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5. Simultaneously, the antigen which is bound to class Il
MHC molecules activates the B cells also, resulting in
the development of humoral immunity (see below).

B ROLE OF HELPER T CELLS

Helper T cells (CD4 cells) which enter the circulation
activate all the other T cells and B cells. Normal, CD4
count in healthy adults varies between 500 and 1500 per
cubic millimeter of blood.
Helper T cells are of two types:
1. Helper-1 (TH1) cells
2. Helper-2 (TH2) cells.

Role of TH1 Cells

TH1 cells are concerned with cellular immunity and
secrete two substances:
i. Interleukin-2, which activates the other T cells.
i. Gamma interferon, which stimulates the phago-
cytic activity of cytotoxic cells, macrophages and
natural killer (NK) cells.

Role of TH2 Cells

TH2 cells are concerned with humoral immunity and
secrete interleukin-4 and interleukin-5, which are con-
cerned with:
i. Activation of B cells.
ii. Proliferation of plasma cells.
iii. Production of antibodies by plasma cell.

B ROLE OF CYTOTOXIC T CELLS

Cytotoxic T cells that are activated by helper T cells,
circulate through blood, lymph and lymphatic tissues
and destroy the invading organisms by attacking them
directly.

Mechanism of Action of Cytotoxic T Cells

1. Receptors situated on the outer membrane of cyto-
toxic T cells bind the antigens or organisms tightly
with cytotoxic T cells.

2. Then, the cytotoxic T cells enlarge and release cyto-
toxic substances like the lysosomal enzymes.

3. These substances destroy the invading organisms.

4. Like this, each cytotoxic T cell can destroy a large
number of microorganisms one after another.

Other Actions of Cytotoxic T Cells

1. Cytotoxic T cells also destroy cancer cells, trans-
planted cells, such as those of transplanted heart or
kidney or any other cells, which are foreign bodies.
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2. Cytotoxic T cells destroy even body’s own tissues
which are affected by the foreign bodies, particularly
the viruses. Many viruses are entrapped in the
membrane of affected cells. The antigen of the
viruses attracts the T cells. And the cytotoxic T cells
kill the affected cells also along with viruses. Because
of this, the cytotoxic T cell is called killer cell.

B ROLE OF SUPPRESSOR T CELLS

Suppressor T cells are also called regulatory T cells.
These T cells suppress the activities of the killer T cells.
Thus, the suppressor T cells play an important role in
preventing the killer T cells from destroying the body’s
own tissues along with invaded organisms. Suppressor
cells suppress the activities of helper T cells also.

B ROLE OF MEMORY T CELLS

Some of the T cells activated by an antigen do not enter
the circulation but remain in lymphoid tissue. These T
cells are called memory T cells.

In later periods, the memory cells migrate to various
lymphoid tissues throughout the body. When the body
is exposed to the same organism for the second time,
the memory cells identify the organism and immediately
activate the other T cells. So, the invading organism is
destroyed very quickly. The response of the T cells is
also more powerful this time.

B SPECIFICITY OF T CELLS

Each T cell is designed to be activated only by one type
of antigen. It is capable of developing immunity against
that antigen only. This property is called the specificity
of T cells.

B DEVELOPMENT OF HUMORAL IMMUNITY

B INTRODUCTION

Humoral immunity is defined as the immunity mediated
by antibodies, which are secreted by B lymphocytes.
B lymphocytes secrete the antibodies into the blood
and lymph. The blood and lymph are the body fluids
(humours or humors in Latin). Since the B lymphocytes
provide immunity through humors, this type of immunity
is called humoral immunity or B cell immunity.

Antibodies are the gamma globulins produced by B
lymphocytes. These antibodies fight against the invading
organisms. The humoral immunity is the major defense
mechanism against the bacterial infection.

As in the case of cell-mediated immunity, the
macrophages and other antigen-presenting cells play an

important role in the development of humoral immunity
also.

B ROLE OF ANTIGEN-PRESENTING CELLS

The ingestion of foreign organisms and digestion of
their antigen by the antigen-presenting cells are already
explained.

Presentation of Antigen

Antigen-presenting cells present the antigenic products
bound with HLA (which is present in class || MHC
molecule) to B cells. This activates the B cells through
series of events.

Sequence of Events during Activation of B Cells

1. B cell recognizes the antigen displayed on the
surface of the antigen-presenting cell, with the help
of its own surface receptor protein called B cell
receptor.

2. Recognition of the antigen by the B cell initiates a
complex interaction between the B cell receptor and
the antigen. This reaction activates B cells.

3. Atthe sametime, macrophages (the antigen-present-
ing cells) release interleukin-1, which facilitates the
activation and proliferation of B cells.

4. Activated B cells proliferate and the proliferated cells
carry out the further actions.

5. Simultaneously, the antigen bound to class || MHC
molecules activates the helper T cells, also resulting
in development of cell-mediated immunity (already
explained).

Transformation B Cells

Proliferated B cells are transformed into two types of
cells:

1. Plasma cells

2. Memory cells.

B ROLE OF PLASMA CELLS

Plasma cells destroy the foreign organisms by producing
the antibodies. Antibodies are globulin in nature.
The rate of the antibody production is very high, i.e.
each plasma cell produces about 2000 molecules of
antibodies per second. The antibodies are also called
immunoglobulins.

Antibodies are released into lymph and then trans-
ported into the circulation. The antibodies are produced
until the end of lifespan of each plasma cell, which may
be from several days to several weeks.



B ROLE OF MEMORY B CELLS

Memory B cells occupy the lymphoid tissues throughout
the body. The memory cells are in inactive condition
until the body is exposed to the same organism for the
second time.

During the second exposure, the memory cells are
stimulated by the antigen and produce more quantity
of antibodies at a faster rate, than in the first exposure.
The antibodies produced during the second exposure
to the foreign antigen are also more potent than those
produced during first exposure. This phenomenon forms
the basic principle of vaccination against the infections.

B ROLE OF HELPER T CELLS

Helper T cells are simultaneously activated by antigen.
Activated helper T cells secrete two substances called
interleukin-2 and B cell growth factor, which promote:

1. Activation of more number of B lymphocytes.

2. Proliferation of plasma cells.

3. Production of antibodies.

B ANTIBODIES OR IMMUNOGLOBULINS

An antibody is defined as a protein that is produced by B
lymphocytes in response to the presence of an antigen.
Antibody is gamma globulin in nature and it is also called
immunoglobulin (Ig). Immunoglobulins form 20% of the
total plasma proteins. Antibodies enter almost all the
tissues of the body.

Types of Antibodies

Five types of antibodies are identified:

1. IgA (Ig alpha)

2. IgD (Ig delta)

3. IgE (lg epsilon)

4. 19G (Ilg gamma)

5. IgM (Ig mu).

Among these antibodies, IgG forms 75% of the

antibodies in the body.

Structure of Antibodies

Antibodies are gamma globulins with a molecular weight
of 1,50,000 to 9,00,000. The antibodies are formed by
two pairs of chains, namely one pair of heavy or long
chains and one pair of light or short chains. Each heavy
chain consists of about 400 amino acids and each light
chain consists of about 200 amino acids.

Actually, each antibody has two halves, which are
identical. The two halves are held together by disulfide
bonds (S—S). Each half of the antibody consists of one
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heavy chain (H) and one light chain (L). The two chains
in each half are also joined by disulfide bonds (S — S).
The disulfide bonds allow the movement of amino acid
chains. In each antibody, the light chain is parallel to one
end of the heavy chain. The light chain and the part of
heavy chain parallel to it form one arm. The remaining
part of the heavy chain forms another arm. A hinge joins
both the arms (Fig. 17.3).
Each chain of the antibody includes two regions:
1. Constant region
2. Variable region.

1. Constant Region

Amino acids present in this region are similar in number
and placement (sequence) in all the antibodies of each
type. So, this region is called constant region or Fc
(Fragment crystallizable) region. Thus, the identification
and the functions of different types of immunoglobulins
depend upon the constant region. This region binds to
the antibody receptor situated on the surface of the cell
membrane. It also causes complement fixation. So, this
region is also called the complement binding region.

Heavy chain

Light chain
1

I - Constant region
|:| = Variable region

FIGURE 17.3: Structure of antibody (IgG) molecule. V, =
Variable region of light chain, V, = Variable region of heavy
chain, C, = Constant region of light chain, C, 1, C,2and C 3 =
Constant regions of heavy chains.
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2. Variable Region

Variable region is smaller compared to constant region.
Amino acids occupying this region are different in
number and placement (sequence) in each antibody.
So, it is called the variable region. This region enables
the antibody to recognize the specific antigen and to
bind itself with the antigen. So, this region of the chain is
called antigen-binding region or Fab (Fragment antigen
binding) region.

Functions of Different Antibodies

1. IgA plays a role in localized defense mechanism in
external secretions like tear

2. 1gD is involved in recognition of the antigen by B
lymphocytes

3. IgE is involved in allergic reactions

4. IgG is responsible for complement fixation

5. IgM is also responsible for complement fixation.

Mechanism of Actions of Antibodies

Antibodies protect the body from invading organisms in
two ways (Fig. 17.4):

1. By direct actions

2. Through complement system.

1. Direct Actions of Antibodies

Antibodies directly inactivate the invading organism by
any one of the following methods:

i. Agglutination: In this, the foreign bodies like
RBCs or bacteria with antigens on their surfaces
are held together in a clump by the antibodies.

ii. Precipitation: In this, the soluble antigens like
tetanus toxin are converted into insoluble forms
and then precipitated.

iii. Neutralization: During this, the antibodies cover
the toxic sites of antigenic products.

iv. Lysis: It is done by the most potent antibodies.
These antibodies rupture the cell membrane of
the organisms and then destroy them.

2. Actions of Antibodies through
Complement System

The indirect actions of antibodies are stronger than the
direct actions and play more important role in defense
mechanism of the body than the direct actions.
Complement system is the one that enhances or
accelerates various activities during the fight against
the invading organisms. It is a system of plasma
enzymes, which are identified by numbers from C, to

C,- Including the three subunits of C, (C, C, C,)), there
are 11 enzymes in total. Normally, these enzymes are in
inactive form and are activated in three ways:

a. Classical pathway

b. Lectin pathway

c. Alternate pathway.

a. Classical pathway

In this the C, binds with the antibodies and triggers a
series of events in which other enzymes are activated
in sequence. These enzymes or the byproducts formed
during these events produce the following activities:

i. Opsonization: Activation of neutrophils and macro-
phages to engulf the bacteria, which are bound
with a protein in the plasma called opsonin.

ii. Lysis: Destruction of bacteria by rupturing the
cell membrane.

iii. Chemotaxis: Attraction of leukocytes to the site
of antigen-antibody reaction.

iv. Agglutination: Clumping of foreign bodies like
RBCs or bacteria.

v. Neutralization: Covering the toxic sites of
antigenic products.

vi. Activation of mast cells and basophils, which
liberate histamine: Histamine dilates the blood
vessels and increases capillary permeability.
So, plasma proteins from blood enter the tissues
and inactivate the antigenic products.

b. Lectin pathway

Lectin pathway occurs when mannose-binding lectin
(MBL), which is a serum protein binds with mannose or
fructose group on wall of bacteria, fungi or virus.

c. Alternate pathway

Complementary system is also activated by another way,
which is called alternate pathway. It is due to a protein in
circulation called factor I. It binds with polysaccharides
present in the cell membrane of the invading organisms.
This binding activates C, and C, which ultimately attack
the antigenic products of invading organism.

Specificity of B Lymphocytes

Each B lymphocyte is designed to be activated only
by one type of antigen. It is also capable of producing
antibodies against that antigen only. This property of
B lymphocyte is called specificity. In lymphoid tissues,
the lymphocytes, which produce a specific antibody, are
together called the clone of lymphocytes.
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FIGURE 17.4: Mechanism of action of immunoglobulins

B NATURAL KILLER CELL

Natural killer (NK) cell is a large granular cell that plays
an important role in defense mechanism of the body. It
has an indented nucleus. Considered as the third type of
lymphocyte, it is often called the non-T, non-B cell. It is
derived from bone marrow. NK cell is said to be the first
line of defense in specific immunity, particularly against
viruses.

NK cell kills the invading organisms or the cells of
the body without prior sensitization. It is not a phagocytic
cell but its granules contain hydrolytic enzymes such as
perforins and granzymes. These hydrolytic enzymes
play an important role in the lysis of cells of invading
organisms.

Functions of Natural Killer (NK) Cell

Natural killer cell:
1. Destroys the viruses
2. Destroys the viral infected or damaged cells, which
might form tumors
3. Destroys the malignant cells and prevents develop-
ment of cancerous tumors

4. Secretes cytokines such as interleukin-2, interferons,
colony stimulating factor (GM-CSF) and tumor
necrosis factor-a. Cytokines are explained later in
this chapter.

B CYTOKINES

Cytokines are the hormone-like small proteins acting
as intercellular messengers (cell signaling molecules)
by binding to specific receptors of target cells. These
non-antibody proteins are secreted by WBCs and some
other types of cells. Their major function is the activation
and regulation of general immune system of the body.

Cytokines are distinct from the other cell-signaling
molecules such as growth factors (Chapter 1) and
hormones (Chapter 65).

B TYPES OF CYTOKINES

Depending upon the source of secretion and effects,
cytokines are classified into several types:

1. Interleukins

2. Interferons

3. Tumor necrosis factors
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4. Chemokines
5. Defensins
6. Cathelicidins
7. Platelet-activating factor.
Source of secretion and actions of these cytokines
are given in Table 17.2.

1. Interleukins

Interleukins (IL) are the polypeptide cytokines which
are produced mainly by the leukocytes and act on other
leukocytes.

Types of interleukins

So far, about 16 types of interleukins are identified. IL-1,
IL-2, IL-3, IL-4, IL-5, IL-6 and IL-8 play important role
in the process of immunity. Recently IL-12 (otherwise
called natural killer cell stimulatory factor) and IL-11 are
also considered as important cytokines.

2. Interferons

Interferons (IFN) are the glycoprotein molecules. These
cytokines are considered as antiviral agents.

Types of interferons

Interferons are of three types namely, INF-a, INF- and
INF-y.

3. Tumor Necrosis Factors

Tumor necrosis factors (TNF) are of three types, TNF-a
(cachectin), TNF-B (lymphotoxin) and TNF-y.

4. Chemokines

Cytokines having chemoattractant action are called
chemokines.

5. Defensins

Defensins are the antimicrobial peptides.

Types of defensins

Two types of defensins are identified in human:
i. a-defensins, secreted by neutrophils, macro-
phages and paneth cells in small intestine.
ii. B-defensins, secreted by airway epithelial cells
(respiratory tract), salivary glands and cutaneous
cells.

6. Cathelicidins

Cathelicidins are also the antimicrobial peptides which
play an important role in a wide range of antimicrobial
activity in air passage and lungs.

7. Platelet-activating Factor

Platelet-activating factor (PAF) accelerates agglutination
and aggregation of platelets.

B IMMUNIZATION

Immunization is defined as the procedure by which the
body is prepared to fight against a specific disease. It is
used to induce the immune resistance of the body to a
specific disease. Immunization is of two types:

1. Passive immunization

2. Active immunization.

B PASSIVE IMMUNIZATION

Passive immunization or immunity is produced without
challenging the immune system of the body. It is done
by administration of serum or gamma globulins from
a person who is already immunized (affected by the
disease) to a non-immune person.

Passive immunization is acquired either naturally or
artificially.

Passive Natural Immunization

Passive natural immunization is acquired from the
mother before and after birth. Before birth, immunity is
transferred from mother to the fetus in the form of mater-
nal antibodies (mainly IgG) through placenta. After birth,
the antibodies (IgA) are transferred through breast milk.

Lymphocytes of the child are not activated. In
addition, the antibodies received from the mother are
metabolized soon. Therefore, the passive immunity
is short lived. The significance of passive immunity
that is obtained before birth is the prevention of Rh
incompatibility in pregnancy.

Passive Artificial Inmunization

Passive artificial immunization is developed by injecting
previously prepared antibodies using serum from humans
or animals. Antibodies are obtained from the persons
affected by the disease or from animals, particularly
horses which have beenimmunized artificially. The serum
containing the antibody (antiserum) is administered to
people who have developed the disease (therapeutic).
It is also used as a prophylactic measure. Prophylaxis
refers to medical or public health procedures to prevent
a disease in people who may be exposed to the disease
in a later period.

This type of immunity is useful for providing imme-
diate protection against acute infections like tetanus,
measles, diphtheria, etc. and for poisoning by insects,
snakes and venom from other animals. It is also used
as a prophylactic measure. However, this may result



Chapter 17 ¢ Immunity 117

TABLE 17.2: Cytokines

Cytokine Source of secretion

T cells

B cells 1.
Eosinophils 2.
Basophils 3
Monocytes

Mast cells 4.
Macrophages o
NK cells

Interleukins

N>R WN =

WBCs
NK cells
Fibroblasts

Interferons

wn =
>N

T cells

B cells

Mast cells
Macrophages
NK cells
Platelets

Tumor necrosis factors

£ =

T cells

B cells
Monocytes
Macrophages

Chemokines

Neutrophils
Macrophages

Paneth cells in small
intestine

Airway epithelial cells
Salivary glands
Cutaneous cells
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Defensins

ghown=

Neutrophils
Macrophages

Airway epithelial cells
Macrophages

Cathelicidins

Platelet-activating
factor

Neutrophils
Monocytes

N = EERCEEEE & 9 B

Attraction of WBCs by chemotaxis

Antimicrobial activity in air passage and lungs

Acceleration of agglutination and aggregation of platelets

Action

Activation of T cells, macrophages and natural killer (NK) cells
Promotion of growth of hemopoietic cells and B cells
Acceleration of inflammatory response by activating
eosinophils

Chemotaxis of neutrophils, eosinophils, basophils and T cells
Destruction of invading organisms

Fighting against viral infection by suppressing virus
multiplication in target cells

Inhibition of multiplication of parasites and cancer cells
Promotion of phagocytosis by monocytes and macrophages
Activation of NK cells

Causing necrosis of tumor

Activation of general immune system
Production of vascular effects
Promotion of inflammation

Role in innate immunity in airway surface and lungs
Killing the phagocytozed bacteria

Antiinflammatory actions

Promotion of wound healing

Attraction of monocytes and T cells by chemotaxis

in complications and anaphylaxis. There is a risk of
transmitting HIV and hepatitis.

B ACTIVE IMMUNIZATION

Active immunization orimmunity is acquired by activating
immune system of the body. Body develops resistance
against disease by producing antibodies following the
exposure to antigens. Active immunity is acquired either
naturally or artificially.

Active Natural Immunization

Naturally acquired active immunity involves activation of
immune system in the body to produce antibodies. It is
achieved in both clinical and subclinical infections.

Clinical infection

Clinical infection is defined as the invasion of the body
tissues by pathogenic microorganisms which reproduce,
multiply and cause disease by injuring the cells, secreting
a toxin or antigen-antibody reaction. During infection, the
plasma cells produce immunoglobulins to destroy the
invading antigens. Later, due to the activity of memory
cells, body retains the ability to produce the antibodies
against the specific antigens invaded previously.

Subclinical infection

Subclinical infection is defined as an infection in which
symptoms are very mild and do not alert the affected
subject. The disease thus produced may not be severe
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to develop any manifestations. However, it causes the
activation of B lymphocytes, resulting in production of
antibodies.

Active Artificial Immunization

Active artificial immunization is a type of immunization is
achieved by the administration of vaccines or toxoids.

Vaccines

Vaccine is a substance that is introduced into the body
to prevent the disease produced by certain pathogens.
Vaccine consists of dead pathogens or live but attenuated
(artificially weakened) organisms. The vaccine induces
immunity against the pathogen, either by production of
antibodies or by activation of T lymphocytes.

Edward Jenner produced first live vaccine. He
produced the vaccine for smallpox from cowpox virus.
Nowadays, vaccines are used to prevent many diseases
like measles, mumps, poliomyelitis, tuberculosis,
smallpox, rubella, yellow fever, rabies, typhoid, influenza,
hepatitis B, etc.

Toxoids

Toxoid is a substance which is normally toxic and has
been processed to destroy its toxicity but retains its
capacity to induce antibody production by immune
system. Toxoid consists of weakened components or
toxins secreted by the pathogens. Toxoids are used
to develop immunity against diseases like diphtheria,
tetanus, cholera, etc.

The active artificial immunity may be effective life-
long or for short period. It is effective lifelong against
the diseases such as mumps, measles, smallpox,
tuberculosis and yellow fever. It is effective only for short
period against some diseases like cholera (about 6
months) and tetanus (about 1 year).

B IMMUNE DEFICIENCY DISEASES

Immune deficiency diseases are a group of diseases in
which some components of immune system is missing
or defective. Normally, the defense mechanism protects
the body from invading pathogenic organism. When the
defense mechanism fails or becomes faulty (defective),
the organisms of even low virulence produce severe
disease. The organisms, which take advantage of
defective defense mechanism, are called opportunists.
Immune deficiency diseases caused by such

opportunists are of two types:

1. Congenital immune deficiency diseases

2. Acquired immune deficiency diseases.

B CONGENITAL IMMUNE DEFICIENCY DISEASES

Congenital diseases are inherited and occur due to
the defects in B cell or T cell or both. The common
examples are DiGeorge syndrome (due to absence of
thymus) and severe combined immune deficiency (due
to lymphopenia or the absence of lymphoid tissue).

B ACQUIRED IMMUNE DEFICIENCY DISEASES

Acquired immune deficiency diseases occur due to
infection by some organisms. The most common disease
of this type is acquired immune deficiency syndrome
(AIDS).

Acquired Immune Deficiency Syndrome (AIDS)

AIDS is an infectious disease caused by immune
deficiency virus (HIV). A person is diagnosed with
AIDS when the CD4 count is below 200 cells per cubic
millimeter of blood.

AIDS is the most common problem throughout
the world because of rapid increase in the number of
victims. Infection occurs when a glycoprotein from HIV
binds to surface receptors of T lymphocytes, monocytes,
macrophages and dendritic cells leading to the destruction
of these cells. It causes slow progressive decrease in
immune function, resulting in opportunistic infections
of various types. The common opportunistic infections,
which kill the AIDS patient are pneumonia (Pneumocystis
carinii) and malignant skin cancer (Kaposi sarcoma).
These diseases are also called AlIDS-related diseases.

After entering the body of the host, the HIV activates
the enzyme called reversetranscriptase. HIV utilizes this
enzyme and converts its own viral RNA into viral DNA
with the help of host cell DNA itself. Now, the viral DNA
gets incorporated into the host cell DNA and prevents
the normal activities of the host cell DNA. At the same
time, the HIV increases in number inside the host’s
body. The infected host cell ruptures and releases more
number of HIV into the bloodstream. After exposure to
HIV, no symptoms develop for several weeks. This is the
incubation period. The patient develops symptoms only
when sufficient number of infected cells is ruptured. The
common symptoms are fatigue, loss of weight, chronic
diarrhea, low-grade fever, night sweats, oral ulcers,
vaginal ulcers, etc. This phase prolongs for about three
years before the disease is diagnosed.

Mode of transmission

The HIV infection spreads when secretions from the
body of infected individual come in contact with blood
of the recipient through the damaged skin or mucous
membrane. The most common ways of infection are



contaminated blood transfusion, contaminated needles
or other invasive instruments, transmission from mother
to fetus during pregnancy, transmission from mother to
child during delivery or breastfeeding and vaginal sexual
intercourse.

Prevention

Prevention of AIDS is essential because the authentic
treatment for this disease has not been established so
far. Progress in the development of effective treatment is
very slow. Moreover, the maximum duration of survival
after initial infection is only about 10 to 15 years. So, it is
necessary to prevent this disease.

Following safety measures should be followed to
prevent AIDS:

1. Public must be educated about the seriousness and
prevention of the disease.

2. HIV infected persons should be educated to avoid
spreading the disease to others.

3. Blood should be screened for
transfusion.

4. Intravenous drug users should not share the
needles.

5. Pregnant women should get the blood tested for
HIV. If the mother is infected, the treatment with
zidovudine may reduce incidence of infection in
infants. The baby must be given zidovudine for 6
weeks after birth.

6. Young adults and teenagers must be informed
about the safer sex techniques and use of condoms.
The need for limitation of sexual partners must be
emphasized.

HIV  before

B AUTOIMMUNE DISEASES

Autoimmune disease is defined as a condition in which
the immune system mistakenly attacks body’s own cells
and tissues. Normally, an antigen induces the immune
response in the body. The condition in which the
immune system fails to give response to an antigen is
called tolerance. This is true with respect to body’s own
antigens that are called self antigens or autoantigens.
Normally, body has the tolerance against self antigen.
However, in some occasions, the tolerance fails or
becomes incomplete against self antigen. This state
is called autoimmunity and it leads to the activation of
T lymphocytes or production of autoantibodies from B
lymphocytes. The T lymphocytes (cytotoxic T cells) or
autoantibodies attack the body’s normal cells whose
surface contains the self antigen or autoantigen.

Thus, the autoimmune disease is produced when
body’s normal tolerance decreases and the immune sys-
tem fails to recognize the body’s own tissues as ‘self’.
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Autoimmune diseases are of two types:
1. Organ specific diseases which affect only one organ
2. Organ nonspecific or multisystemic diseases, which
affect many organs or systems.

B HUMAN LEUKOCYTE ANTIGEN SYSTEM
AND AUTOIMMUNE DISEASES

Human leukocyte antigen (HLA) is a group of genes
on human chromosome 6. These genes encode the
proteins which function in the cells to transport the
antigens from within the cell towards the cell surface.
HLA is the product of major histocompatilility complex.

HLA system monitors the immune system in the
body (see above). The HLA molecules are recognized
by the T and B lymphocytes and hence the name called
antigens. HLA is distributed in almost all the tissues of
the body. Antibodies are directed against the tissues
possessing the HLA, leading to autoimmune diseases.
Most of the autoimmune diseases are HLA linked.

H COMMON AUTOIMMUNE DISEASES

Common autoimmune diseases are:

1. Insulin-dependent diabetes mellitus
2. Myasthenia gravis

3. Hashimoto thyroiditis

4. Graves disease

5. Rheumatoid arthritis.

1. Insulin-dependent Diabetes Mellitus

Insulin-dependent diabetes mellitus (IDDM) is very
common in childhood and it is due to HLA-linked
autoimmunity.

Common causes for IDDM

i. Development of islet cell autoantibody against
B-cells in the islets of Langerhans in pancreas.
ii. Development of antibody against insulin and
glutamic acid decarboxylase.
ii. Activation of T cells against islets.
Other details of IDDM are given in Chapter 69.

2. Myasthenia Gravis

This neuromuscular disease occurs due to the
development of autoantibodies against the receptors
acetylcholine in neuromuscular junction. Details of
myasthenia gravis are given in Chapter 34.

3. Hashimoto Thyroiditis

Hashimoto thyroiditis is common in the late middle-aged
women. The autoantibodies impair the activity of thyroid
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follicles leading to hypothyroidism. Hypothyroidism is
explained in detail in Chapter 67.

4. Graves Disease

In some cases, the autoantibodies activate thyroid-stimu-
lating hormone (TSH) receptors leading to hyperthyroi-
dism. The details of this disease are given in Chapter 67.

5. Rheumatoid Arthritis

Rheumatiod arthritis is the disease due to chronic inflam-
mation of synovial lining of joints (synovitis). The synovium
becomes thick, leading to the development of swelling
around joint and tendons. The characteristic symptoms
are pain and stiffness of joints. The chronic inflammation
occurs due to the continuous production of autoantibodies
called rheumatoid arthritis factors (RA factors).

B ALLERGY AND IMMUNOLOGICAL
HYPERSENSITIVITY REACTIONS

The term allergy means hypersensitivity. It is defined as
abnormal immune response to a chemical or physical
agent (allergen). During the first exposure to an allergen,
the immune response does not normally produce any
reaction in the body. Sensitization or an initial exposure
to the allergen is required for the reaction. So, the
subsequent exposure to the allergen causes variety of
inflammatory responses. These responses are called
allergic reactions or immunological hypersensitivity
reactions.

Immunological hypersensitivity reactions may be
innate or acquired. These reactions are mediated mostly
by antibodies. In some conditions, T cells are involved.
Common symptoms include sneezing, itching and skin
rashes. However, in some persons the symptoms may
be severe.

Common allergic conditions are:
Food allergy

Allergic rhinitis

Bronchial asthma

Urticaria.
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B ALLERGENS

Any substance that produces the manifestations of
allergy is called an allergen. It may be an antigen or a
protein or any other type of substance. Even physical
agents can develop allergy.
Allergens are introduced by:

1. Contact (e.g.: chemical substance)

2. Inhalation (e.g.: pollen)

3. Ingestion (e.g.: food)

4. Injection (e.g.: drug).

Common Allergens

1. Food substances: Wheat, egg, milk and chocolate.

2. Inhalants: Pollen grains, fungi, dust, smoke,
perfumes and disagreeable odor.

3. Contactants: Chemical substances, metals, animals
and plants.

4. Infectious agents: Parasites, bacteria, viruses and

fungi.

Drugs: Aspirin and antibiotics.

6. Physical agents: Cold, heat, light, pressure and
radiation.

o

B [IMMUNOLOGICAL HYPERSENSITIVE
REACTIONS

Immunological hypersensitive reactions to an agent
give rise to several allergic conditions and autoimmune
diseases.

Hypersensitive reactions are classified into five
types:

Type | or anaphylactic reactions.

Type |l or cytotoxic reactions.

Type Il or antibody-mediated reactions.

Type IV or cell-mediated reactions.

Type V or stimulatory/blocking reactions.

Type | or Anaphylactic Reactions

Anaphylaxis means exaggerated reactions of the body to
an antigen or other agents to which the body is sensitized
already. Itisalso calledimmediate hypersensitive reaction
because it develops within few minutes of exposure to
an allergen. Anaphylactic reactions are mediated by IgE
and other factors involved in inflammation (inflammation
means the protective response of the tissues to the
damage or destruction of cells).

When the body is exposed to an allergen, the IgE
immunoglobulins are produced. Also called reagins or
sensitizing antibodies, these immunoglobulins bind
with the surface receptors of mast cells and circulating
basophils. Mast cells are the granulated wandering cells
found in connective tissue and beneath the mucous
membrane in the throat, lungs and eyes.

During subsequent exposure of the body to the
same allergen, the allergen IgE antibody reaction takes
place. This leads to degranulation of mast cells and
basophils, with the release of some chemical mediators
such histamine. The chemical mediators produce the
hypersensitivity reactions. Most serious reactions are
fall in blood pressure (due to vasodilatation),obstruction
of air passage and difficulty in breathing (due to
bronchoconstriction) and shock (Chapter 116).



Type Il or Cytotoxic Reactions

Cytotoxic reactions involve mainly the IgG antibodies,
which bind with antigens on the surface of the cells,
particularly the blood cells. The affected cells are
destroyed. Sometimes, IgM and IgA antibodies are
also involved. The diseases developed due to cytotoxic
reactions are hemolytic diseases of newborn in case of
Rh incompatibility and autoimmune hemolytic anemia.

Type lll or Antibody-mediated Reactions

Excess amounts of antibodies like IgG or IgM are
produced in this type. The antigen-antibody complexes
are precipitated and deposited in localized areas like
joints causing arthritis, heart causing myocarditis and
glomeruli of kidney producing glomerulonephritis.

Type IV or Cell-mediated Reactions

This type of hypersensitivity is also called delayed or slow
type of hypersensitivity. It is found in allergic reactions
due to the bacteria, viruses and fungi. It is also seen
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in contact dermatitis caused by chemical allergens and
during rejection of transplanted tissues. An example of
type IV reaction is the delayed reaction after intradermal
injection of tuberculin in persons who are previously
affected by tuberculosis (tuberculosis skin test or
Mantoux test). The important feature of delayed type
of hypersensitivity is the involvement of T lymphocytes
rather than the antibodies.

Type V or Stimulatory/Blocking Reactions

It is seen in autoimmune diseases like Graves’ disease
(stimulatory reactions) and myasthenia gravis (blocking
reactions).

Graves'’ disease: Normally, TSH combines with surface
receptors of thyroid cells and causes synthesis and
secretion of thyroid hormones. The secretion of thyroid
hormones can be increased by thyroid-stimulating
antibodies (TSAB) produced by plasma cells (B
lymphocytes). The excess secretion of thyroid hormone
leads to Graves’ disease.

Myasthenia gravis: It is due to the development of IgG
autoantibodies (see above).
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B INTRODUCTION

Platelets or thrombocytes are the formed elements of
blood. Platelets are small colorless, non-nucleated and
moderately refractive bodies. These formed elements of
blood are considered to be the fragments of cytoplasm.

Size of Platelets

Diameter : 2.5 u(2to4 )
Volume : 7.5cu i (7to 8cu ).

Shape of Platelets

Normally, platelets are of several shapes, viz. spherical
or rod-shaped and become oval or disk-shaped when
inactivated. Sometimes, the platelets have dumbbell
shape, comma shape, cigar shape or any other unusual
shape. Inactivated platelets are without processes or
filopodia and the activated platelets develop processes
or filopodia (see below).

B STRUCTURE AND COMPOSITION

Platelet is constituted by:
1. Cell membrane or surface membrane
2. Microtubules
3. Cytoplasm.

B CELL MEMBRANE

Cell membrane of platelet is 6 nm thick. Extensive
invagination of cell membrane forms an open canalicular
system (Fig. 18.1). This canalicular system is a delicate
tunnel system through which the platelet granules
extrude their contents.

Cell membrane of platelet contains lipids in the form
of phospholipids, cholesterol and glycolipids, carbo-
hydrates as glycocalyx and glycoproteins and proteins.
Of these substances, glycoproteins and phospholipids
are functionally important.

Glycoproteins

Glycoproteins prevent the adherence of platelets to nor-
mal endothelium, butaccelerate the adherence of platelets
to collagen and damaged endothelium in ruptured blood
vessels. Glycoproteins also form the receptors for
adenosine diphosphate (ADP) and thrombin.

Phospholipids

Phospholipids accelerate the clotting reactions. The
phospholipids form the precursors of thromboxane A,
and other prostaglandin-related substances.



B MICROTUBULES

Microtubules form a ring around cytoplasm below the cell
membrane. Microtubules are made up of polymerized
proteins called tubulin. These tubules provide structural
support for the inactivated platelets to maintain the disk-
like shape.

B CYTOPLASM

Cytoplasm of platelets contains the cellular organelles,
Golgi apparatus, endoplasmic reticulum, mitochondria,
microtubule, microvessels, filaments and granules.
Cytoplasm also contains some chemical substances
such as proteins, enzymes, hormonal substances, etc.

Proteins

1. Contractile proteins
i. Actin and myosin: Contractile proteins, which
are responsible for contraction of platelets.
ii. Thrombosthenin: Third contractile protein, which
is responsible for clot retraction.

2. von Willebrand factor: Responsible for adherence
of platelets and regulation of plasma level of factor
VIII.

3. Fibrin-stabilizing factor: A clotting factor.

4. Platelet-derived growth factor (PDGF): Responsible
for repair of damaged blood vessels and wound
healing. It is a potent mytogen (chemical agent that
promotes mitosis) for smooth muscle fibers of blood
vessels.

5. Platelet-activating factor (PAF): Causes aggregation
of platelets during the injury of blood vessels,
resulting in prevention of excess loss of blood.

6. Vitronectin (serum spreading factor): Promotes
adhesion of platelets and spreading of tissue cells in
culture.

7. Thrombospondin: Inhibits angiogenesis (formation
of new blood vessels from pre-existing vessels).

Enzymes
1. Adensosine triphosphatase (ATPase)
2. Enzymes necessary for synthesis of prostaglandins.

Hormonal Substances

1. Adrenaline
2. 5-hydroxytryptamine (5-HT; serotonin)
3. Histamine.

Other Chemical Substances

1. Glycogen
2. Substances like blood group antigens
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3. Inorganic substances such as calcium, copper,
magnesium and iron.

Platelet Granules

Granules present in cytoplasm of platelets are of two
types:
1. Alpha granules
2. Dense granules.
Substances present in these granules are given in
Table 18.1.

Alpha granules

Alpha granules contain:

Clotting factors — fibrinogen, V and XIl|
Platelet-derived growth factor

Vascular endothelial growth factor (VEGF)
Basic fibroblast growth factor (FGF)
Endostatin

Thrombospondin.

ok wh =

Dense granules

Dense granules contain:
Nucleotides
Serotonin
Phospholipid
Calcium
Lysosomes.

agrwnE

B NORMAL COUNT AND VARIATIONS

Normal platelet count is 2,50,000/cu mm of blood. It ran-
ges between 2,00,000 and 4,00,000/cu mm of blood.

B PHYSIOLOGICAL VARIATIONS

1. Age: Platelets are less in infants (1,50,000 to
2,00,000/cu mm) and reaches normal level at 3rd
month after birth.

2. Sex: There is no difference in the platelet count

between males and females. In females, it is reduced

during menstruation.

High altitude: Platelet count increases.

After meals: After taking food, the platelet count

increases.

how

TABLE 18.1: Substances present in platelet granules

Alpha granules

Dense granules

Clotting factors: fibrinogen, V and Xl

Platelet-derived growth factor NUC|eOU.deS
. Serotonin

Vascular endothelial growth factor -

e Phospholipid
Basic fibroblast growth factor .

: Calcium
Endostatin
Lysosomes

Thrombospondin
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system

------- Dense granule

Glycogen

--+———---- Microtubule

————————— Mitochondrion

FIGURE 18.1: Platelet under electron microscope

B PATHOLOGICAL VARIATIONS
Refer applied physiology of this chapter.

B PROPERTIES OF PLATELETS

Platelets have three important properties (three ‘A’s):
1. Adhesiveness

2. Aggregation

3. Agglutination.

B ADHESIVENESS

Adhesiveness is the property of sticking to a rough
surface. During injury of blood vessel, endothelium is
damaged and the subendothelial collagen is exposed.
While coming in contact with collagen, platelets are
activated and adhere to collagen. Adhesion of platelets
involves interaction between von Willebrand factor
secreted by damaged endothelium and a receptor protein
called glycoprotein Ib situated on the surface of platelet
membrane. Other factors which accelerate adhesiveness
are collagen, thrombin, ADP, Thromboxane A,, calcium
ions, P-selectin and vitronectin.

B AGGREGATION (GROUPING OF PLATELETS)

Aggregation is the grouping of platelets. Adhesion is
followed by activation of more number of platelets by
substances released from dense granules of platelets.

During activation, the platelets change their shape
with elongation of long filamentous pseudopodia which
are called processes or filopodia (Fig. 18.2).

Filopodia help the platelets aggregate together.
Activation and aggregation of platelets is accelerated
by ADP, thromboxane A, and platelet-activating factor
(PTA: cytokine secreted by neutrophils and monocytes;
Chapter 16).

B AGGLUTINATION

Agglutination is the clumping together of platelets.
Aggregated platelets are agglutinated by the actions of
some platelet agglutinins and platelet-activating factor.

B FUNCTIONS OF PLATELETS

Normally, platelets are inactive and execute their actions
only when activated. Activated platelets immediately
release many substances. This process is known as
platelet release reaction. Functions of platelets are
carried out by these substances.

Functions of platelets are:

H 1. ROLE INBLOOD CLOTTING

Platelets are responsible for the formation of intrinsic
prothrombin activator. This substance is responsible for
the onset of blood clotting (Chapter 20).

B 2. ROLE IN CLOT RETRACTION

In the blood clot, blood cells including platelets are
entrapped in between the fibrin threads. Cytoplasm of
platelets contains the contractile proteins, namely actin,
myosin and thrombosthenin, which are responsible for
clot retraction (Chapter 20).

B 3. ROLE IN PREVENTION OF
BLOOD LOSS (HEMOSTASIS)

Platelets accelerate the hemostasis by three ways:
i. Platelets secrete 5-HT, which causes the cons-
triction of blood vessels.
ii. Due to the adhesive property, the platelets seal
the damage in blood vessels like capillaries.
iii. By formation of temporary plug, the platelets
seal the damage in blood vessels (Chapter 19).

B 4. ROLE IN REPAIR OF RUPTURED
BLOOD VESSEL

Platelet-derived growth factor (PDGF) formed in cyto-
plasm of plateletsis useful for the repair of the endothelium
and other structures of the ruptured blood vessels.
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FIGURE 18.2: A. Inactive platelets. B. Activated platelets.

B 5 ROLE IN DEFENSE MECHANISM

By the property of agglutination, platelets encircle the
foreign bodies and destroy them.

B ACTIVATORS AND INHIBITORS
OF PLATELETS

B ACTIVATORS OF PLATELETS

1. Collagen, which is exposed during damage of blood
vessels

von Willebrand factor

Thromboxane A,

Platelet-activating factor

Thrombin

ADP

Calcium ions

P-selectin: Cell adhesion molecule secreted from
endothelial cells

Convulxin: Purified protein from snake venom.
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B INHIBITORS OF PLATELETS

Nitric oxide

Clotting factors: Il, IX, X, Xl and XII
Prostacyclin

Nucleotidases which breakdown the ADP.

PR

B DEVELOPMENT OF PLATELETS

Platelets are formed from bone marrow. Pluripotent stem
cell gives rise to the colony forming unit-megakaryocyte
(CFU-M). This develops into megakaryocyte. Cytoplasm
of megakaryocyte form pseudopodium. A portion of
pseudopodium is detached to form platelet, which enters
the circulation (Fig. 10.2).

Production of platelets is influenced by colony-stimu-
lating factors and thrombopoietin. Colony-stimulating
factors are secreted by monocytes and T lymphocytes.
Thrombopoietin is a glycoprotein like erythropoietin. It is
secreted by liver and kidneys.
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B LIFESPAN AND FATE OF PLATELETS

Average lifespan of platelets is 10 days. It varies
between 8 and 11 days. Platelets are destroyed by
tissue macrophage system in spleen. So, splenomegaly
(enlargement of spleen) decreases platelet count and
splenectomy (removal of spleen) increases platelet
count.

B APPLIED PHYSIOLOGY —
PLATELET DISORDERS

Platelet disorders occur because of pathological variation
in platelet count and dysfunction of platelets.

Platelet disorders are:

Thrombocytopenia

Thrombocytosis

Thrombocythemia

Glanzmann'’s thrombasthenia.

NS

1. Thrombocytopenia

Decrease in platelet count is called thrombocytopenia. It
leads to thrombocytopenic purpura (Chapter 20).

Thrombocytopenia occurs in  the following
conditions:

i. Acute infections

ii. Acute leukemia

iii. Aplastic and pernicious anemia

iv. Chickenpox

v. Smallpox

vi. Splenomegaly

vii. Scarlet fever

viii. Typhoid

ix. Tuberculosis

X. Purpura

xi. Gaucher’s disease.

2. Thrombocytosis

Increase in platelet count is called thrombocytosis.

Thrombocytosis occurs in the following conditions:
i. Allergic conditions

ii. Asphyxia

iii. Hemorrhage

iv. Bone fractures

v. Surgical operations

vi. Splenectomy

vii. Rheumatic fever

viii. Trauma (wound or injury or damage caused by

external force).



126 Section 2 4 Blood and Body Fluids

3. Thrombocythemia

Thrombocythemia is the condition with persistent and
abnormal increase in platelet count. Thrombocythemia
occurs in the following conditions:

i. Carcinoma

ii. Chronic leukemia

iii. Hodgkin's disease.

4. Glanzmann’s Thrombasthenia

Glanzmann’s thrombasthenia is an inherited hemorrha-
gic disorder, caused by structural or functional abnorma-
lity of platelets. It leads to thrombasthenic purpura
(Chapter 20). However, the platelet count is normal.
It is characterized by normal clotting time, normal or
prolonged bleeding time but defective clot retraction.
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B DEFINITION

Hemostasis is defined as arrest or stoppage of bleeding.

B STAGES OF HEMOSTASIS

When a blood vessel is injured, the injury initiates a
series of reactions, resulting in hemostasis. It occurs in
three stages (Fig. 19.1):

1. Vasoconstriction

2. Platelet plug formation

3. Coagulation of blood.

B VASOCONSTRICTION

Immediately after injury, the blood vessel constricts
and decreases the loss of blood from damaged
portion. Usually, arterioles and small arteries constrict.
Vasoconstriction is purely a local phenomenon. When the
blood vessels are cut, the endothelium is damaged and
the collagen is exposed. Platelets adhere to this colla-
gen and get activated. The activated platelets secrete
serotonin and other vasoconstrictor substances which
cause constriction of the blood vessels. Adherence of

platelets to the collagen is accelerated by von Willebrand
factor. This factor acts as a bridge between a specific
glycoprotein present on the surface of platelet and
collagen fibrils.

B PLATELET PLUG FORMATION

Platelets get adhered to the collagen of ruptured blood
vessel and secrete adenosine diphosphate (ADP) and
thromboxane A,. These two substances attract more and
more platelets and activate them. All these platelets aggre-
gate together and form a loose temporary platelet plug or
temporary hemostatic plug, which closes the ruptured
vessel and prevents further blood loss. Platelet aggrega-
tion is accelerated by platelet-activating factor (PAF).

B COAGULATION OF BLOOD

During this process, the fibrinogen is converted into
fibrin. Fibrin threads get attached to the loose platelet
plug, which blocks the ruptured part of blood vessels
and prevents further blood loss completely. Mechanism
of blood coagulation is explained in the next chapter.
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Injury to the blood vessel and damage of endothelium

v
Exposure of collagen

von Willebrand factor ——
v

Adherence of platelets to collagen
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FIGURE 19.1: States of hemostasis. ADP = Adenosine diphosphate; PAF = Platelet-activating factor.
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B DEFINITION

Coagulation or clotting is defined as the process in which
blood loses its fluidity and becomes a jelly-like mass few
minutes after it is shed out or collected in a container.

B FACTORS INVOLVED IN BLOOD CLOTTING

Coagulation of blood occurs through a series of
reactions due to the activation of a group of substances.
Substances necessary for clotting are called clotting
factors.

Thirteen clotting factors are identified:

Factor | Fibrinogen

Factor Il Prothrombin

Factor llI Thromboplastin (Tissue factor)

Factor IV Calcium

Factor V Labile factor (Proaccelerin or accelerator
globulin)

Factor VI Presence has not been proved

Factor VIl Stable factor

Factor VIII  Antihemophilic  factor  (Antihemophilic
globulin)

Factor IX Christmas factor

Factor X Stuart-Prower factor

Factor Xl Plasma thromboplastin antecedent

Factor Xl Hageman factor (Contact factor)

Factor Xlll  Fibrin-stabilizing factor (Fibrinase).
Clotting factors were named after the scientists who

discovered them or as per the activity, except factor

IX. Factor IX or Christmas factor was named after the

patient in whom it was discovered.

B SEQUENCE OF CLOTTING MECHANISM

B ENZYME CASCADE THEORY

Most of the clotting factors are proteins in the form of
enzymes. Normally, all the factors are present in the
form of inactive proenzyme. These proenzymes must
be activated into enzymes to enforce clot formation. It is
carried out by a series of proenzyme-enzyme conversion
reactions. First one of the series is converted into an
active enzyme that activates the second one, which
activates the third one; this continues till the final active
enzyme thrombin is formed.

Enzyme cascade theory explains how various
reactions, involved in the conversion of proenzymes
to active enzymes take place in the form of a cascade.
Cascade refers to a process that occurs through a series
of steps, each step initiating the next, until the final step
is reached.
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Stages of Blood Clotting

In general, blood clotting occurs in three stages:
1. Formation of prothrombin activator
2. Conversion of prothrombin into thrombin
3. Conversion of fibrinogen into fibrin.

B STAGE 1: FORMATION OF PROTHROMBIN
ACTIVATOR

Blood clotting commences with the formation of a
substance called prothrombin activator, which converts
prothrombin into thrombin. lts formation is initiated by
substances produced either within the blood or outside
the blood.
Thus, formation of prothrombin activator occurs

through two pathways:

i. Intrinsic pathway

ii. Extrinsic pathway.

i. Intrinsic Pathway for the Formation
of Prothrombin Activator

In this pathway, the formation of prothrombin activator
is initiated by platelets, which are within the blood itself
(Fig. 20.1).

Sequence of Events in Intrinsic pathway

i. During the injury, the blood vessel is ruptured.
Endothelium is damaged and collagen beneath
the endothelium is exposed.

ii. When factor XIl (Hageman factor) comes
in contact with collagen, it is converted into
activated factor Xl in the presence of kallikrein
and high molecular weight (HMW) kinogen.

iii. The activated factor Xll converts factor Xl into
activated factor Xl in the presence of HMW
kinogen.

iv. The activated factor Xl activates factor IX in the
presence of factor IV (calcium).

v. Activated factor IX activates factor X in the
presence of factor VIII and calcium.

vi. When platelet comes in contact with collagen
of damaged blood vessel, it gets activated and
releases phospholipids.

vii. Now the activated factor X reacts with platelet
phospholipid and factor V to form prothrombin
activator. This needs the presence of calcium
ions.

viii. Factor V is also activated by positive feedback
effect of thrombin (see below).

ii. Extrinsic Pathway for the Formation
of Prothrombin Activator

In this pathway, the formation of prothrombin activator
is initiated by the tissue thromboplastin, which is formed
from the injured tissues.

Sequence of Events in Extrinsic Pathway

i. Tissues that are damaged during injury release
tissue thromboplastin (factor lll). Thromboplastin
contains proteins, phospholipid and glycoprotein,
which act as proteolytic enzymes.

ii. Glycoprotein and phospholipid components of
thromboplastin convert factor X into activated
factor X, in the presence of factor VII.

ii. Activated factor X reacts with factor V and
phospholipid component of tissue thromboplastin
to form prothrombin activator. This reaction
requires the presence of calcium ions.

B STAGE 2: CONVERSION OF PROTHROMBIN
INTO THROMBIN

Blood clotting is all about thrombin formation. Once
thrombin is formed, it definitely leads to clot formation.

Sequence of Events in Stage 2

i. Prothrombin activator that is formed in intrinsic
and extrinsic pathways converts prothrombin
into thrombin in the presence of calcium (factor
V).

ii. Once formed thrombin initiates the formation of
more thrombin molecules. The initially formed
thrombin activates Factor V. Factor V in turn
accelerates formation of both extrinsic and
intrinsic prothrombin activator, which converts
prothrombin into thrombin. This effect of thrombin
is called positive feedback effect (Fig. 20.1).

B STAGE 3: CONVERSION OF FIBRINOGEN
INTO FIBRIN

The final stage of blood clotting involves the conversion
of fibrinogen into fibrin by thrombin.
Sequence of Events in Stage 3

i. Thrombin converts inactive fibrinogen into
activated fibrinogen due to loss of 2 pairs of
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Stage 1 Intrinsic pathway Extrinsic pathway
Endothelial damage + collage exposure Tissue trauma + tissue thromboplastin
Kallikrein
HMW Kinogen
Y v
™ *xia Platelets Glycoprotein
Phospholipid
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X

Calcium Fibrin

Tight blood clot

FIGURE 20.1: Stages of blood coagulation. a = Activated, + = Thrombin induces formation of more thrombin
(positive feedback); HMW = High molecular weight.

polypeptides from each fibrinogen molecule. The iii. Laterthese loose strands are modified into dense
activated fibrinogen is called fibrin monomer. and tight fibrin threads by fibrin-stabilizing factor
ii. Fibrin monomer polymerizes with other monomer (factor XIII) in the presence of calcium ions (Fig.
molecules and form loosely arranged strands of 20.1). All the tight fibrin threads are aggregated

fibrin. to form a meshwork of stable clot.
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B BLOOD CLOT
B DEFINITION AND COMPOSITION OF CLOT

Blood clot is defined as the mass of coagulated blood
which contains RBCs, WBCs and platelets entrapped in
fibrin meshwork.

RBCs and WBCs are not necessary for clotting
process. However, when clot is formed, these cells are
trapped in it along with platelets. The trapped RBCs are
responsible for the red color of the clot.

The external blood clot is also called scab. It adheres
to the opening of damaged blood vessel and prevents
blood loss.

B CLOT RETRACTION

After the formation, the blood clot starts contracting. And
after about 30 to 45 minutes, the straw-colored serum
oozes out of the clot. The process involving the contraction
of blood clot and oozing of serum is called clot retraction.

Contractile proteins, namely actin, myosin and
thrombosthenin in the cytoplasm of platelets are
responsible for clot retraction.

B FIBRINOLYSIS

Lysis of blood clot inside the blood vessel is called
fibrinolysis. It helps to remove the clot from lumen of the
blood vessel. This process requires a substance called
plasmin or fibrinolysin.

Formation of Plasmin

Plasmin is formed from inactivated glycoprotein called
plasminogen. Plasminogen is synthesized in liver
and it is incorporated with other proteins in the blood
clot. Plasminogen is converted into plasmin by tissue
plasminogen activator (t-PA), lysosomal enzymes and
thrombin. The t-PA and lysosomal enzymes are released
from damaged tissues and damaged endothelium.
Thrombin is derived from blood. The t-PA is always
inhibited by a substance called t-PA inhibitor. It is also
inhibited by factors V and VIII.

Besides t-PA, there is another plasminogen activator
called urokinase plasminogen activator (u-PA). It is
derived from blood.

Sequence of Events Involved in the
Activation of Plasminogen

1. During intravascular clotting, the endothelium of the
blood vessel secretes a thrombin-binding protein, the
thrombomodulin. It is secreted by the endothelium
of all the blood vessels, except the minute vessels
of brain.

. Thrombomodulin-thrombin

. Thrombomodulin combines with thrombin and forms

a thrombomodulin-thrombin complex
complex  activates

protein C

. Activated protein C inactivates factor V and VIl in

the presence of a cofactor called protein S

. Protein C also inactivates the t-PA inhibitor
. Now, the t-PA becomes active
. Activated t-PA and lysosomal enzymes activate

plasminogen to form plasmin. Plasminogen is also
activated by thrombin and u-PA (Fig. 20.2).

Damaged tissues and endothelium

Lysosomal enzymes —\

Thrombomodulin + Thrombin |
=
Thrombomodulin — thrombin complex
/

Protein C — > Activated protein CJ

Protein S /1»

Inactivation of t-PA inhibitor

Inactivation of

Activation of t-PA J

Thrombin
u-PA

Plasminogen Y

Plasmin

Lysis of clot (fibrin)

FIGURE 20.2: Fibrinolysis. t-PA = Tissue plasminogen
activator, u-PA = Urokinase plasminogen activator.



B ANTICLOTTING MECHANISM IN THE BODY

Under physiological conditions, intravascular clotting
does not occur. It is because of the presence of some
physicochemical factors in the body.

1. Physical Factors

i. Continuous circulation of blood.
ii. Smooth endothelial lining of the blood vessels.

2. Chemical Factors — Natural Anticoagulants

i. Presence of natural anticoagulant called heparin
that is produced by the liver

ii. Production of thrombomodulin by endothelium
of the blood vessels (except in brain capillaries).
Thrombomodulin is a thrombin-binding protein.
It binds with thrombin and forms a thrombomo-
dulin-thrombin complex. This complex activa-
tes protein C. Activated protein C along with
its cofactor protein S inactivates Factor V and
Factor VIII. Inactivation of these two clotting
factors prevents clot formation

ii. All the clotting factors are in inactive state.

B ANTICOAGULANTS

Substances which prevent or postpone coagulation of
blood are called anticoagulants.
Anticoagulants are of three types:
1. Anticoagulants used to prevent blood clotting inside
the body, i.e. in vivo.
2. Anticoagulants used to prevent clotting of blood that
is collected from the body, i.e. in vitro.
3. Anticoagulants used to prevent blood clotting both in
vivo and in vitro.

B 1. HEPARIN

Heparin is a naturally produced anticoagulantin the body.
It is produced by mast cells which are the wandering
cells present immediately outside the capillaries in many
tissues or organs that contain more connective tissue.
These cells are abundant in liver and lungs. Basophils
also secrete heparin.

Heparin is a conjugated polysaccharide. Commercial
heparin is prepared from the liver and other organs of
animals. Commercial preparation is available in liquid
form or dry form as sodium, calcium, ammonium or
lithium salts.
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Mechanism of Action of Heparin
Heparin:

i. Prevents blood clotting by its antithrombin
activity. It directly suppresses the activity of
thrombin

ii. Combines with antithrombin Il (a protease
inhibitor present in circulation) and removes
thrombin from circulation

ii. Activates antithrombin IlI

iv. Inactivates the active form of other clotting
factors like IX, X, Xl and XII (Fig. 20.3).

Uses of Heparin

Heparin is used as an anticoagulant both in vivo and in
vitro.

Clinical use

Intravenous injection of heparin (0.5 to 1 mg/kg body
weight) postpones clotting for 3 to 4 hours (until it is
destroyed by the enzyme heparinase). So, it is widely
used as an anticoagulant in clinical practice. In clinics,
heparin is used for many purposes such as:
i. To prevent intravascular blood clotting during
surgery.
ii. While passing the blood through artificial kidney
for dialysis.
iii. During cardiac surgery, which involves heart-
lung machine.
iv. To preserve the blood before transfusion.

Use in the laboratory

Heparin is also used as anticoagulant in vitro while
collecting blood for various investigations. About 0.1 to
0.2 mg is sufficient for 1 mL of blood. It is effective for 8
to 12 hours. After that, blood will clot because heparin
only delays clotting and does not prevent it.

Heparin is the most expensive anticoagulant.

B 2. COUMARIN DERIVATIVES

Warfarin and dicoumoral are the derivatives of coumarin.

Mechanism of Action

Coumarin derivatives prevent blood clotting by inhibiting
the action of vitamin K. Vitamin K is essential for the
formation of various clotting factors, namely II, VII, IX
and X.
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Heparin

l l

Inactivates clotting
factors 1X, X,
Xl and XII

Suppresses
thrombin action

Y

Activates antithrombin IlI

v

Removes thrombin

v

No blood clotting

FIGURE 20.3: Mechanism of action of heparin

Uses

Dicoumoral and warfarin are the commonly used oral
anticoagulants (in vivo). Warfarin is used to prevent
myocardial infarction (heart attack), strokes and
thrombosis.

H 3. EDTA

Ethylenediaminetetraacetic acid (EDTA) is a strong
anticoagulant. It is available in two forms:

i. Disodium salt (Na, EDTA).

ii. Tripotassium salt (K, EDTA).

Mechanism of Action

These substances prevent blood clotting by removing
calcium from blood.

Uses

EDTA is used as an anticoagulant both in vivo and in
vitro. It is:
i. Commonly administered intravenously, in cases
of lead poisoning.
ii. Used as an anticoagulant in the laboratory (in
vitro). 0.5 to 2.0 mg of EDTA per mL of blood
is sufficient to preserve the blood for at least 6
hours. On refrigeration, it can preserve the blood
up to 24 hours.

B 4. OXALATE COMPOUNDS

Oxalate compounds prevent coagulation by forming
calcium oxalate, which is precipitated later. Thus, these
compounds reduce the blood calcium level.

Earlier sodium and potassium oxalates were
used. Nowadays, mixture of ammonium oxalate and
potassium oxalate in the ratio of 3 : 2 is used. Each
salt is an anticoagulant by itself. But potassium oxalate
alone causes shrinkage of RBCs. Ammonium oxalate
alone causes swelling of RBCs. But together, these
substances do not alter the cellular activity.

Mechanism of Action

Oxalate combines with calcium and forms insoluble
calcium oxalate. Thus, oxalate removes calcium from
blood and lack of calcium prevents coagulation.

Uses

Oxalate compounds are used only as in vitro
anticoagulants. 2 mg of mixture is necessary for 1 ml
of blood. Since oxalate is poisonous, it cannot be used
in vivo.

B 5 CITRATES

Sodium, ammonium and potassium citrates are used as
anticoagulants.

Mechanism of Action

Citrate combines with calcium in blood to form insoluble
calcium citrate. Like oxalate, citrate also removes calcium
from blood and lack of calcium prevents coagulation.

Uses

Citrate is used as in vitro anticoagulant.
i. Itis used to store blood in the blood bank as:
a. Acid citrate dextrose (ACD): 1 part of ACD
with 4 parts of blood
b. Citrate phosphate dextrose (CPD): 1 part of
CPD with 4 parts of blood
ii. Citrate is also used in laboratory in the form of
formol-citrate solution (Dacie’s solution) for RBC
and platelet counts.

B OTHER SUBSTANCES WHICH PREVENT
BLOOD CLOTTING

Peptone, C-type lectin (proteins from venom of
viper snake) and hirudin (from the leach Hirudinaria
manillensis) are the known anticoagulants.



B PHYSICAL METHODS TO PREVENT
BLOOD CLOTTING

Coagulation of blood is postponed or prevented by the
following physical methods:
® COLD
Reducing the temperature to about 5°C postpones the
coagulation of blood.
B COLLECTING BLOOD IN A CONTAINER

WITH SMOOTH SURFACE

Collecting the blood in a container with smooth surface
like a silicon-coated container prevents clotting. The
smooth surface inhibits the activation of factor Xll and
platelets. So, the formation of prothrombin activator is
prevented.

B PROCOAGULANTS

Procoagulants or hemostatic agents are the substances
which accelerate the process of blood coagulation.
Procoagulants are:

® THROMBIN

Thrombin is sprayed upon the bleeding surface to arrest
bleeding by hastening blood clotting.

B SNAKE VENOM

Venom of some snakes (vipers, cobras and rattle
snakes) contains proteolytic enzymes which enhance
blood clotting by activating the clotting factors.

B EXTRACTS OF LUNGS AND THYMUS

Extract obtained from the lungs and thymus has
thromboplastin, which causes rapid blood coagulation.
H SODIUM OR CALCIUM ALGINATE

Sosium or calcium alginate substances enhance blood
clotting process by activating the Hageman factor.

B OXIDIZED CELLULOSE

Oxidized cellulose causes clotting of blood by activating
the Hageman factor.

B TESTS FOR BLOOD CLOTTING

Blood clotting tests are used to diagnose blood disorders.
Some tests are also used to monitor the patients treated
with anticoagulant drugs such as heparin and warfarin.
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Bleeding time

Clotting time

Prothrombin time

Partial prothrombin time
International normalized ratio
Thrombin time.

ook wN =

B BLEEDING TIME

Bleeding time (BT) is the time interval from oozing of
blood after a cut or injury till arrest of bleeding. Usually,
it is determined by Duke method using blotting paper or
filter paper method. Its normal duration is 3 to 6 minutes.
It is prolonged in purpura.

B CLOTTING TIME

Clotting time (CT) is the time interval from oozing of
blood after a cut or injury till the formation of clot. It is
usually determined by capillary tube method. Its normal
duration is 3 to 8 minutes. It is prolonged in hemophilia.

B PROTHROMBIN TIME

Prothrombin time (PT) is the time taken by blood to
clot after adding tissue thromboplastin to it. Blood is
collected and oxalated so that, the calcium is precipitated
and prothrombin is not converted into thrombin. Thus,
the blood clotting is prevented. Then a large quantity
of tissue thromboplastin with calcium is added to this
blood. Calcium nullifies the effect of oxalate. The tissue
thromboplastin activates prothrombin and blood clotting
occurs.

During this procedure, the time taken by blood to
clot after adding tissue thromboplastin is determined.
Prothrombin time indicates the total quantity of
prothrombin present in the blood.

Normal duration of prothrombin time is 10 to 12
seconds. Itis prolonged in deficiency of prothrombin and
other factors like factors I, V, VII and X. However, it is
normal in hemophilia.

B PARTIAL PROTHROMBIN TIME OR
ACTIVATED PROTHROMBIN TIME

Partial prothrombin time (PPT) is the time taken for the
blood to clot after adding an activator such as phospho-
lipid, along with calcium to it. It is also called activated
partial prothrombin time (APTT). This test is useful in
monitoring the patients taking anticoagulant drugs.

It is carried out by observing clotting time after
adding phospholipid, a surface activator and calcium
to a patient’'s plasma. Phospholipid serves as platelet
substitute. Commonly used surface activator is kaolin.
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Normal duration of partial prothrombin time is 30 to 45
seconds. It is prolonged in heparin or warfarin therapy
(since heparin and warfarin inhibit clotting) and deficiency
or inhibition of factors Il, V, VIII, IX, X, XI and XII.

B INTERNATIONAL NORMALIZED RATIO

International normalized ratio (INR) is the rating of
a patient’s prothrombin time when compared to an
average. It measures extrinsic clotting pathway system.

INR is useful in monitoring impact of anticoagulant
drugs such as warfarin and to adjust the dosage of
anticoagulants. Patients with atrial fibrillation are usually
treated with warfarin to protect against blood clot, which
may cause strokes. These patients should have regular
blood tests to know their INR in order to adjust warfarin
dosage.

Blood takes longer time to clot if INR is higher.
Normal INR is about 1. In patients taking anticoagulant
therapy for atrial fibrillation, INR should be between 2
and 3. For patients with heart valve disorders, INR
should be between 3 and 4. But, INR greater than 4
indicates that blood is clotting too slowly and there is a
risk of uncontrolled blood clotting.

B THROMBIN TIME

Thrombin time (TT) is the time taken for the blood to
clot after adding thrombin to it. It is done to investigate
the presence of heparin in plasma or to detect
fibrinogen abnormalities. This test involves observation
of clotting time after adding thrombin to patient’s
plasma. Normal duration of thrombin time is 12 to 20
seconds. It is prolonged in heparin therapy and during
dysfibrinogenimia (abnormal function of fibrinogen with
normal fibrinogen level).

B APPLIED PHYSIOLOGY

B BLEEDING DISORDERS

Bleeding disorders are the conditions characterized by
prolonged bleeding time or clotting time.
Bleeding disorders are of three types:
1. Hemophilia.
2. Purpura.
3. von Willebrand disease.

1. Hemophilia

Hemophilia is a group of sex-linked inherited blood
disorders, characterized by prolonged clotting time.
However, the bleeding time is normal. Usually, it affects
the males, with the females being the carriers.

Because of prolonged clotting time, even a mild
trauma causes excess bleeding which can lead to death.
Damage of skin while falling or extraction of a tooth may
cause excess bleeding for few weeks. Easy bruising and
hemorrhage in muscles and joints are also common in
this disease.

Causes of hemophilia

Hemophilia occurs due to lack of formation of prothrombin
activator. That is why the coagulation time is prolonged.
The formation of prothrombin activator is affected due to
the deficiency of factor VIII, IX or XI.

Types of hemophilia

Depending upon the deficiency of the factor involved,
hemophilia is classified into three types:

i. Hemophilia A or classic hemophilia: Due to
the deficiency of factor VIII. 85% of people with
hemophilia are affected by hemophilia A.

ii. Hemophilia B or Christmas disease: Due to
the deficiency of factor IX. 15% of people with
hemophilia are affected by hemophilia B.

iii. Hemophilia C or factor Xl deficiency: Due to the
deficiency of factor XI. It is a very rare bleeding
disorder.

Symptoms of hemophilia

i. Spontaneous bleeding.
ii. Prolonged bleeding due to cuts, tooth extraction
and surgery.
iii. Hemorrhage
tracts.
iv. Bleeding in joints followed by swelling and pain
v. Appearance of blood in urine.

in gastrointestinal and urinary

Treatment for hemophilia

Effective therapy for classical hemophilia involves
replacement of missing clotting factor.

2. Purpura

Purpuraisadisordercharacterized by prolonged bleeding
time. However, the clotting time is normal. Characteristic
feature of this disease is spontaneous bleeding under
the skin from ruptured capillaries. It causes small tiny
hemorrhagic spots in many areas of the body. The
hemorrhagic spots under the skin are called purpuric
spots (purple colored patch like appearance). That is
why this disease is called purpura. Blood also sometimes
collects in large areas beneath the skin which are called
ecchymoses.



Types and causes of purpura

Purpura is classified into three types depending upon
the causes:

i. Thrombocytopenic purpura

Thrombocytopenic purpura is due to the deficiency of
platelets (thrombocytopenia). In bone marrow disease,
platelet production is affected leading to the deficiency
of platelets.

ii. Idiopathic thrombocytopenic purpura

Purpura due to some unknown cause is called idiopathic
thrombocytopenic purpura. It is believed that platelet
count decreases due to the development of antibodies
against platelets, which occurs after blood transfusion.

iii. Thrombasthenic purpura

Thrombasthenic purpura is due to structural or functional
abnormality of platelets. However, the platelet count is
normal. Itis characterized by normal clotting time, normal
or prolonged bleeding time but defective clot retraction.

3. von Willebrand Disease

von Willebrand disease is a bleeding disorder,
characterized by excess bleeding even with a mild injury.
It is due to deficiency of von Willebrand factor, which is
a protein secreted by endothelium of damaged blood
vessels and platelets. This protein is responsible for
adherence of platelets to endothelium of blood vessels
during hemostasis after aninjury. Itis also responsible for
the survival and maintenance of factor VIII in plasma.

Deficiency of von Willebrand factor suppresses
platelet adhesion. It also causes deficiency of factor
VIII. This results in excess bleeding, which resembles
the bleeding that occurs during platelet dysfunction or
hemophilia.

B THROMBOSIS

Thrombosis or intravascular blood clotting refers to
coagulation of blood inside the blood vessels. Normally,
blood does not clot in the blood vessel because of some
factors which are already explained. But some abnormal
conditions cause thrombosis.

Causes of Thrombosis

1. Injury to blood vessels

During infection or mechanical obstruction, the
endothelial lining of the blood vessel is damaged and it
initiates thrombosis.
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2. Roughened endothelial lining

In infection, damage or arteriosclerosis, the endothelium
becomes rough and this initiates clotting.

3. Sluggishness of blood flow

Decreased rate of blood flow causes aggregation of
platelets and formation of thrombus. Slowness of blood
flow occurs in reduced cardiac action, hypotension,
low metabolic rate, prolonged confinement to bed and
immobility of limbs.

4. Agglutination of RBCs

Agglutination of the RBCs leads to thrombosis.
Agglutination of RBCs occurs by the foreign antigens or
toxic substances.

5. Toxic thrombosis

Thrombosis is common due to the action of chemical
poisons like arsenic compounds, mercury, poisonous
mushrooms and snake venom.

6. Congenital absence of protein C

Protein C is a circulating anticoagulant, which inactivates
factors V and VIII. Thrombosis occurs in the absence
of this protein. Congenital absence of protein C causes
thrombosis and death in infancy.

Complications of Thrombosis
1. Thrombus

During thrombosis, lumen of blood vessels is occluded.
The solid mass of platelets, red cells and/or clot, which
obstructs the blood vessel, is called thrombus. The
thrombus formed due to agglutination of RBC is called
agglutinative thrombus.

2. Embolism and embolus

Embolism is the process in which the thrombus or a
part of it is detached and carried in bloodstream and
occludes the small blood vessels, resulting in arrests of
blood flow to any organ or region of the body. Embolus
is the thrombus or part of it, which arrests the blood flow.
The obstruction of blood flow by embolism is common in
lungs (pulmonary embolism), brain (cerebral embolism)
or heart (coronary embolism).

3. Ischemia

Insufficient blood supply to an organ or area of the body
by the obstruction of blood vessels is called ischemia.
Ischemia results in tissue damage because of hypoxia
(lack of oxygen). Ischemia also causes discomfort,
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pain and tissue death. Death of body tissue is called Infarction means the tissue death due to loss of
necrosis. blood supply. Loss of blood supply is usually caused
. . . by occlusion of an artery by thrombus or embolus and
4. Necrosis and infarction : .
sometimes by atherosclerosis (Chapter 67).
Necrosis is a general term that refers to tissue death Area of tissue that undergoes infarction is called

caused by loss of blood supply, injury, infection, infarct. Infarction commonly occurs in heart, brain, lungs,
inflammation, physical agents or chemical substances.  kidneys and spleen.
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B INTRODUCTION

When blood from two individuals is mixed, sometimes
clumping (agglutination) of RBCs occurs. This clumping
is because of the immunological reactions. But, why
clumping occurs in some cases and not in other cases
remained a mystery until the discovery of blood groups by
the Austrian Scientist Karl Landsteiner, in 1901. He was
honored with Nobel Prize in 1930 for this discovery.

B ABO BLOOD GROUPS

Determination of ABO blood groups depends upon the
immunological reaction between antigen and antibody.
Landsteiner found two antigens on the surface of RBCs
and named them as A antigen and B antigen. These
antigens are also called agglutinogens because of their
capacity to cause agglutination of RBCs. He noticed the
corresponding antibodies or agglutinins in the plasma

and named them anti-A or a-antibody and anti-B or
B-antibody. However, a particular agglutinogen and the
corresponding agglutinin cannot be present together. If
present, it causes clumping of the blood. Based on this,
Karl Landsteiner classified the blood groups. Later it
became the ‘Landsteiner Law’ for grouping the blood.

B LANDSTEINER LAW

Landsteiner law states that:

1. If a particular agglutinogen (antigen) is present in
the RBCs, corresponding agglutinin (antibody) must
be absent in the serum.

2. If a particular agglutinogen is absent in the RBCs,
the corresponding agglutinin must be present in the
serum.

Though the second part of Landsteiner law is a fact, it is
not applicable to Rh factor.
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B BLOOD GROUP SYSTEMS

More than 20 genetically determined blood group
systems are known today. But, Landsteiner discovered
two blood group systems called the ABO system and
the Rh system. These two blood group systems are the
most important ones that are determined before blood
transfusions.

B ABO SYSTEM

Based on the presence or absence of antigen A and
antigen B, blood is divided into four groups:

1. ‘A group

2. ‘B’ group

3. ‘AB’ group

4. ‘O’ group.

Blood having antigen A belongs to ‘A’ group. This
blood has B-antibody in the serum. Blood with antigen B
and a-antibody belongs to ‘B’ group. If both the antigens
are present, blood group is called ‘AB’ group and serum
of this group does not contain any antibody. If both
antigens are absent, the blood group is called ‘O’ group
and both a and B antibodies are present in the serum.
Antigens and antibodies present in different groups of
ABO system are given in Table 21.1. Percentage of
people among Asian and European population belonging
to different blood group is given in Table 21.2.

‘A’ group has two subgroups namely ‘A’ and ‘A,
Similarly ‘AB’ group has two subgroups namely ‘A B’
and ‘A,B’.

B DETERMINATION OF ABO GROUP

Determination of the ABO group is also called blood
grouping, blood typing or blood matching.

Principle of Blood Typing — Agglutination

Blood typing is done on the basis of agglutination.
Agglutination means the collection of separate particles
like RBCs into clumps or masses. Agglutination occurs
if an antigen is mixed with its corresponding antibody
which is called isoagglutinin. Agglutination occurs when

TABLE 21.1: Antigen and antibody present in
ABO blood groups

A A Anti-B (B)

B B Anti-A (a)

AB Aand B No antibody

(0] No antigen Anti-A and Anti-B

TABLE 21.2: Percentage of people having
different blood groups

Population
Indians 23 33 7 37
Asians 25 25 5 45
Europeans 42 9 3 46

Aantigen is mixed with anti-A or when B antigen is mixed
with anti-B.

Requisites for Blood Typing

To determine the blood group of a person, a suspension
of his RBC and testing antisera are required. Suspension
of RBC is prepared by mixing blood drops with isotonic
saline (0.9%).
Test sera are:
1. Antiserum A, containing anti-A or a-antibody.
2. Antiserum B, containing anti-B or 3-antibody.

Procedure

1. One drop of antiserum A is placed on one end of a
glass slide (or a tile) and one drop of antiserum B on
the other end.

2. One drop of RBC suspension is mixed with each
antiserum. The slide is slightly rocked for 2 minutes.
The presence orabsence of agglutinationis observed
by naked eyes and if necessary, it is confirmed by
using microscope.

3. Presence of agglutination is confirmed by the
presence of thick masses (clumping) of RBCs

4. Absence of agglutination is confirmed by clear
mixture with dispersed RBCs.

Results

1. If agglutination occurs with antiserum A: The anti-
serum A contains a-antibody. The agglutination
occurs if the RBC contains A antigen. So, the blood
group is A (Fig. 21.1).

2. If agglutination occurs with antiserum B: The anti-
serum B contains B-antibody. The agglutination
occurs if the RBC contains B antigen. So, the blood
group is B.

3. If agglutination occurs with both antisera A and B:
The RBC contains both A and B antigens to cause
agglutination. And, the blood group is AB.

4. If agglutination does not occur either with antiserum
A or antiserum B: The agglutination does not occur
because RBC does not contain any antigen. The
blood group is O.
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FIGURE 21.1: Determination of blood group

B IMPORTANCE OF ABO GROUPS
IN BLOOD TRANSFUSION

During blood transfusion, only compatible blood must be
used. The one who gives blood is called the ‘donor’ and
the one who receives the blood is called ‘recipient’.

While transfusing the blood, antigen of the donor
and the antibody of the recipient are considered. The
antibody of the donor and antigen of the recipient are
ignored mostly.

Thus, RBC of ‘O’ group has no antigen and so
agglutination does not occur with any other group of
blood. So, ‘O’ group blood can be given to any blood
group persons and the people with this blood group are
called ‘universal donors’.

Plasma of AB group blood has no antibody. This does
not cause agglutination of RBC from any other group of
blood. People with AB group can receive blood from any
blood group persons. So, people with this blood group
are called ‘universal recipients’.

B MATCHING AND CROSS-MATCHING

Blood matching (typing) is a laboratory test done to
determine the blood group of a person. When the
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person needs blood transfusion, another test called
cross-matching is done after the blood is typed. It is
done to find out whether the person’s body will accept
the donor’s blood or not.

For blood matching, RBC of the individual (recipient)
and test sera are used. Cross-matching is done by
mixing the serum of the recipient and the RBCs of donor.
Cross-matching is always done before blood transfusion.
If agglutination of RBCs from a donor occurs during
cross-matching, the blood from that person is not used
for transfusion.
Matching
Cross-matching =

Recipient’'s RBC + Test sera.
Recipient’s serum + Donor’s RBC.

B INHERITANCE OF ABO AGGLUTINOGENS
AND AGGLUTININS

Blood group of a person depends upon the two genes
inherited from each parent. Gene A and gene B are
dominant by themselves and gene O is recessive.
Inheritance of blood group is represented schematically
as given in Table 21.3.

Agglutinogens appear during the 6th month of
fetal life. Concentration at birth is 1/5 of the adult
concentration. It rises to the adult level at puberty.
Agglutinogens are present not only in RBCs but also
present in many organs like salivary glands, pancreas,
kidney, liver, lungs, etc. The A and B agglutinogens are
inherited from the parents as Mendelian phenotypes.

Agglutinin a or B is not produced during fetal life. It
starts appearing only 2 or 3 months after birth. Agglutinin
is produced in response to A or B agglutinogens which
enter the body through respiratory system or digestive
system along with bacteria.

Agglutinins are the gamma-globulins which are
mainly IgG and IgM immunoglobulins.

B TRANSFUSION REACTIONS
DUE TO ABO INCOMPATIBILITY

Transfusion reactions are the adverse reactions in the
body, which occur due to transfusion error that involves
transfusion of incompatible (mismatched) blood. The
reactions may be mild causing only fever and hives (skin
disorder characterized by itching) or may be severe
leading to renal failure, shock and death.

In mismatched transfusion, the transfusion reactions
occur between donor's RBC and recipient’'s plasma.
So, if the donor’s plasma contains agglutinins against
recipient’'s RBC, agglutination does not occur because
these antibodies are diluted in the recipient’s blood.

But, if recipient’s plasma contains agglutinins against
donor’s RBCs, the immune system launches a response
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TABLE 21.3: Inheritance of ABO group

Group of

Gene from parents offspring Genotype
A+A
A+O A AA or AO
B+B
B+0O B BB or BO
A+B AB AB
0+0 (0] (0]0)

against the new blood cells. Donor RBCs are agglutina-
ted resulting in transfusion reactions.

Severity of Transfusion Reactions

Severity of transfusion reactions varies from mild (fever
and chills) to severe (acute kidney failure, shock and
death). Severity depends upon the amount of blood trans-
fused, type of reaction and general health of the patient.

Cause for Transfusion Reactions

Transfusion of incompatible blood produces hemolytic
reactions. The recipient's antibodies (IgG or IgM)
adhere to the donor RBCs, which are agglutinated and
destroyed. Large amount of free hemoglobin is liberated
into plasma. This leads to transfusion reactions.

Sighs and Symptoms of Transfusion Reactions
Non-hemolytic transfusion reaction

Non-hemolytic transfusion reaction develops within a
few minutes to hours after the commencement of blood
transfusion. Common symptoms are fever, difficulty in
breathing and itching.

Hemolytic transfusion reaction

Hemolytic transfusion reaction may be acute or delayed.
The acute hemolytic reaction occurs within few minutes
of transfusion. It develops because of rapid hemolysis of
donor’s RBCs. Symptoms include fever, chills, increased
heart rate, low blood pressure, shortness of breath,
bronchospasm, nausea, vomiting, red urine, chest
pain, back pain and rigor. Some patients may develop
pulmonary edema and congestive cardiac failure.

Delayed hemolytic reaction occurs from 1 to 5 days
after transfusion. The hemolysis of RBCs results in
release of large amount of hemoglobin into the plasma.
This leads to the following complications.

1. Jaundice

Normally, hemoglobin released from destroyed RBC
is degraded and bilirubin is formed from it. When the

serum bilirubin level increases above 2 mg/dL, jaundice
occurs (Chapter 40).

2. Cardiac Shock

Simultaneously, hemoglobin released into the plasma
increases the viscosity of blood. This increases the
workload on the heart leading to heart failure. Moreover,
toxic substances released from hemolyzed cells reduce
the arterial blood pressure and develop circulatory shock
(Fig. 21.2).

3. Renal Shutdown

Dysfunction of kidneys is called renal shutdown.
The toxic substances from hemolyzed cells cause
constriction of blood vessels in kidney. In addition,
the toxic substances along with free hemoglobin are
filtered through glomerular membrane and enter renal
tubules. Because of poor rate of reabsorption from renal
tubules, all these substances precipitate and obstruct
the renal tubule. This suddenly stops the formation of
urine (anuria).

If not treated with artificial kidney, the person dies
within 10 to 12 days because of jaundice, circulatory
shock and more specifically due to renal shutdown and
anuria.

B Rh FACTOR

Rh factor is an antigen present in RBC. This antigen
was discovered by Landsteiner and Wiener. It was first
discovered in Rhesus monkey and hence the name
‘Rh factor’. There are many Rh antigens but only the D
antigen is more antigenic in human.

The persons having D antigen are called ‘Rh positive’
and those without D antigen are called ‘Rh negative’.
Among Indian population, 85% of people are Rh positive
and 15% are Rh negative. Percentage of Rh positive
people is more among black people.

Rh group system is different from ABO group system
because, the antigen D does not have corresponding
natural antibody (anti-D). However, if Rh positive blood is
transfused to a Rh negative person anti-D is developed
in that person. On the other hand, there is no risk of
complications if the Rh positive person receives Rh
negative blood.

® INHERITANCE OF Rh ANTIGEN

Rhesus factor is an inherited dominant factor. It may be
homozygous Rhesus positive with DD or heterozygous
Rhesus positive with Dd (Fig. 21.3). Rhesus negative
occurs only with complete absence of D (i.e. with
homozygous dd).
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FIGURE 21.2: Complications of mismatched blood transfusion

B TRANSFUSION REACTIONS DUE
TO Rh INCOMPATIBILITY

When a Rh negative person receives Rh positive
blood for the first time, he is not affected much, since
the reactions do not occur immediately. But, the Rh
antibodies develop within one month. The transfused
RBCs, which are still present in the recipient's blood,
are agglutinated. These agglutinated cells are lysed by
macrophages. So, a delayed transfusion reaction occurs.
But, it is usually mild and does not affect the recipient.
However, antibodies developed in the recipient remain
in the body forever. So, when this person receives Rh
positive blood for the second time, the donor RBCs are
agglutinated and severe transfusion reactions occur
immediately (Fig. 21.4). These reactions are similar to
the reactions of ABO incompatibility (see above).

B HEMOLYTIC DISEASE OF FETUS AND
NEWBORN — ERYTHROBLASTOSIS FETALIS

Hemolytic disease is the disease in fetus and newborn,
characterized by abnormal hemolysis of RBCs. It is due
to Rh incompatibility, i.e. the difference between the Rh
blood group of the mother and baby. Hemolytic disease
leads to erythroblastosis fetalis.

Erythroblastosis fetalis is a disorder in fetus,
characterized by the presence of erythroblasts in
blood. When a mother is Rh negative and fetus is Rh
positive (the Rh factor being inherited from the father),
usually the first child escapes the complications of Rh
incompatibility. This is because the Rh antigen cannot
pass from fetal blood into the mother’s blood through the
placental barrier.

However, at the time of parturition (delivery of the
child), the Rh antigen from fetal blood may leak into
mother’s blood because of placental detachment. During
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postpartum period, i.e. within a month after delivery, the
mother develops Rh antibody in her blood.

When the mother conceives for the second time
and if the fetus happens to be Rh positive again, the Rh
antibody from mother’s blood crosses placental barrier
and enters the fetal blood. Thus, the Rh antigen cannot
cross the placental barrier, whereas Rh antibody can
Cross it.

Father — homozygous

Father Mother
DD dd
Rh+ Rh-
o 0 o 0 o 0 o 0
Dd Dd Dd Dd

All offsprings are Rh+ (heterozygous)

Father — homozygous

Father Mother
dd dd
Rh- Rh—
o 0 oo oo oo
L " o ~ " ——
dd dd dd dd

All offsprings are Rh-

Father — heterozygous

Father Mother
Dd dd
Rh+ Rh-
oo Gl o.o oo
Dd dd Dd dd

50% offsprings are Rh+ (heterozygous)

FIGURE 21.3: Inheritance of Rh antigen
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Rh antibody which enters the fetus causes
agglutination of fetal RBCs resulting in hemolysis.

Severe hemolysis in the fetus causes jaundice. To
compensate the hemolysis of more and more number of
RBCs, there is rapid production of RBCs, not only from
bone marrow, but also from spleen and liver. Now, many
large and immature cells in proerythroblastic stage are
released into circulation. Because of this, the disease is
called erythroblastosis fetalis.

Ultimately due to excessive hemolysis severe com-
plications develop, viz.

1. Severe anemia

2. Hydrops fetalis

3. Kernicterus.

1. Severe Anemia

Excessive hemolysis results in anemia and the infant
dies when anemia becomes severe.

2. Hydrops Fetalis

Hydrops fetails is a serious condition in fetus, charact-
erized by edema. Severe hemolysis results in the
development of edema, enlargement of liver and spleen
and cardiac failure. When this condition becomes more
severe, it may lead to intrauterine death of fetus.

3. Kernicterus

Kernicterus is the form of brain damage in infants
caused by severe jaundice. If the baby survives anemia
in erythroblastosis fetalis (see above), then kernicterus
develops because of high bilirubin content.

The blood-brain barrier is not well developed in
infants as in the adults (Chapter 163). So, the bilirubin
enters the brain and causes permanent brain damage.
Most commonly affected parts of brain are basal ganglia,
hippocampus, geniculate bodies, cerebellum and cranial
nerve nuclei. The features of this disease are:

i. When brain damage starts, the babies become
lethargic and sleepy. They have high-pitched
cry, hypotonia and arching of head backwards.

ii. As the disease progresses, they develop
hypertonia and opisthotonus (Chapter 155).

iii. Advanced signs of the disease are inability
to suckle milk, irritability and crying, bicycling
movements, choreoathetosis (Chapter 151),
spasticity, (Chapter 34) seizures (Chapter 161),
fever and coma.

Prevention or treatment for erythroblastosis fetalis

i. If mother is found to be Rh negative and fetus is
Rh positive, anti D (antibody against D antigen)

should be administered to the mother at 28th
and 34th weeks of gestation, as prophylactic
measure. If Rh negative mother delivers Rh
positive baby, then anti D should be administered
to the mother within 48 hours of delivery. This
develops passive immunity and prevents the
formation of Rh antibodies in mother’s blood.
So, the hemolytic disease of newborn does not
occur in a subsequent pregnancy.

ii. If the baby is born with erythroblastosis fetalis,
the treatment is given by means of exchange
transfusion (Chapter 22). Rh negative blood
is transfused into the infant, replacing infant’s
own Rh positive blood. It will now take at least
6 months for the infant's new Rh positive blood
to replace the transfused Rh negative blood.
By this time, all the molecules of Rh antibody
derived from the mother get destroyed.

B OTHER BLOOD GROUPS

In addition to ABO blood groups and Rh factor, many
more blood group systems were found, such as Lewis
blood group and MNS blood groups. However, these
systems of blood groups do not have much clinical
importance.

® LEWIS BLOOD GROUP

Lewis blood group was first found in a subject named
Mrs Lewis. The antibody that was found in this lady
reacted with the antigens found on RBCs and in body

No complications
But Rh antibody is produced

From Rh positive person

To Rh negative person

Rh antigen reacts with Rh antibody

v

Agglutination

FIGURE 21.4: Rh incompatibility



fluids such as saliva, gastric juice, etc. The antigens,
which are named Lewis antigens are formed in the tissues,
released in the body secretions and then absorbed by the
RBC membrane. Because of secretion along with body
secretions, these antigens are also known as secretor
antigens. Presence of Lewis antigens in children leads to
some complications such as retarded growth. Sometimes,
it causes transfusion reactions also.

B MNS BLOOD GROUPS

MNS blood groups are determined by their reactions
with anti-M, anti-N and anti-S. However, these blood
groups rarely cause any trouble like hemolysis following
transfusion.

B OTHER BLOOD GROUPS

Other blood groups include:
i. Auberger groups
ii. Diego group
iii. Bombay group
iv. Duffy group
v. Lutheran group

Chapter 21 4 Blood Groups 145
vi. P group
vii. Kell group
viii. 1 group
ix. Kidd group

X. Sulter Xg group.

B IMPORTANCE OF KNOWING
BLOOD GROUP

Nowadays, knowledge of blood group is very essential
medically, socially and judicially. The importance of
knowing blood group is:

1. Medically, it is important during blood transfusions
and in tissue transplants.

2. Socially, one should know his or her own blood
group and become a member of the Blood Donor’s
Club so that he or she can be approached for blood
donation during emergency conditions.

3. It general among the couples, knowledge of blood
groups helps to prevent the complications due to Rh
incompatibility and save the child from the disorders
like erythroblastosis fetalis.

4. Judicially, it is helpful in medico-legal cases to sort
out parental disputes.
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AUTOLOGOUS BLOOD TRANSFUSION

B INTRODUCTION

Blood transfusion is the process of transferring blood
or blood components from one person (the donor)
into the bloodstream of another person (the recipient).
Transfusion is done as alife-saving procedure to replace
blood cells or blood products lost through bleeding.

H CONDITIONS WHEN BLOOD TRANSFUSION
IS NECESSARY

Blood transfusion is essential in the following conditions:
1. Anemia

2. Hemorrhage
3. Trauma

4. Burns

5. Surgery.

B PRECAUTIONS

Certain precautions must be followed before and during
the transfusion of blood to a patient.

B PRECAUTIONS TO BE TAKEN BEFORE
THE TRANSFUSION OF BLOOD

1. Donor must be healthy, without any diseases like:
a. Sexually transmitted diseases such as syphilis
b. Diseases caused by virus like hepatitis, AIDS,
etc.

2. Only compatible blood must be transfused
3. Both matching and cross-matching must be done
4. Rh compatibility must be confirmed.

B PRECAUTIONS TO BE TAKEN WHILE
TRANSFUSING BLOOD

1. Apparatus for transfusion must be sterile

2. Temperature of blood to be transfused must be
same as the body temperature

3. Transfusion of blood must be slow. The sudden
rapid infusion of blood into the body increases the
load on the heart, resulting in many complications.

B HAZARDS OF BLOOD TRANSFUSION

Hazards of blood transfusion are of four types:
1. Reactions due to mismatched (incompatible) blood
transfusion — transfusion reactions
2. Reactions due to massive blood transfusion
3. Reactions due to faulty techniques during blood
transfusion
4. Transmission of infections.

B REACTIONS DUE TO MISMATCHED BLOOD
TRANSFUSION — TRANSFUSION REACTIONS

Transfusion reactions due to ABO incompatibility and Rh
incompatibility are explained in the Chapter 21.



B REACTIONS DUE TO MASSIVE
BLOOD TRANSFUSION

Massive transfusion is the transfusion of blood equivalent
or more than the patient’s own blood volume. It leads to
i. Circulatory shock, particularly in patients suffer-
ing from chronic anemia, cardiac diseases or
renal diseases
ii. Hyperkalemia due to increased potassium
concentration in stored blood
iii. Hypocalcemia leading to tetany due to massive
transfusion of citrated blood
iv. Hemosiderosis (increased deposition of ion
in the form of hemosiderin, in organs such as
endocrine glands, heart and liver) due to iron
overload after repeated transfusions.

B REACTIONS DUE TO FAULTY TECHNIQUES
DURING BLOOD TRANSFUSION

Faulty techniques adapted during blood transfusion
leads to:
i. Thrombophlebitis  (inflammation  of
associated with formation of thrombus).
ii. Air embolism (obstruction of blood vessel due to
entrance of air into the bloodstream).

vein,

B TRANSMISSION OF INFECTIONS

Blood transfusion without precaution leads to trans-
mission of blood-borne infections such as:
i. HIV
ii. Hepatitis B and A
iii. Glandular fever or infectious mononucleosis
(acute infectious disease caused by Epstein-
Barr virus and characterized by fever, swollen
lymph nodes, sore throat and abnormal
lymphocytes)
iv. Herpes (viral disease with eruption of small
blister-like vesicles on skin or membranes)
v. Bacterial infections.

B BLOOD SUBSTITUTES

Fluids infused into the body instead of whole blood are

known as blood substitutes.
Commonly used blood substitutes are:

1. Human plasma

2. 0.9% sodium chloride solution (saline) and 5%
glucose

3. Colloids like gum acacia, isinglass, albumin and
animal gelatin.

Chapter 22 ¢ Blood Transfusion 147

B EXCHANGE TRANSFUSION

Exchange transfusion is the procedure which involves
removal of patient’'s blood completely and replacement
with fresh blood or plasma of the donor. It is otherwise
known as replacement transfusion. It is an important
life-saving procedure carried out in conditions such as
severe jaundice, sickle cell anemia, erythroblastosis
fetalis, etc.

B PROCEDURE

Procedure involves both removal and replacement of
affected blood in stages. Exchange transfusion is carried
out in short cycles of few minutes duration, as follows:
1. Affected person’s blood is slowly drawn out in small
guantities of 5 to 20 mL, depending upon the age and
size of the person and the severity of the condition.
2. Equal quantity of fresh, prewarmed blood or plasma
is infused through intravenous catheter. This is
carried out for few minutes.
3. Catheter is left in place and the transfusion is
repeated within few hours.
4. This procedure is continued till the whole or
predetermined volume of blood is exchanged.

B CONDITIONS WHICH NEED
EXCHANGE TRANSFUSION

1. Hemolytic disease of the newborn (erythroblastosis
fetalis).

2. Severe sickle cell anemia.

3. Severe polycythemia (replacement with saline,
plasma or albumin).

4. Toxicity of certain drugs.

5. Severe jaundice in newborn babies, which does
not respond to ultraviolet light therapy. Normally,
neonatal jaundice is treated by exposure to ultraviolet
rays. It breaks down the bilirubin which is excreted
by liver.

B AUTOLOGOUS BLOOD TRANSFUSION

Autologous blood transfusion is the collection and
reinfusion of patient’'s own blood. It is also called self
blood donation. The conventional transfusion of blood
that is collected from persons other than the patient is
called allogeneic or heterologous blood transfusion.

Autologous blood transfusion is used for planned
surgical procedures. Patient’'s blood is withdrawn in
advance and stored. Later, it is infused if necessary
during surgery.

This type of blood transfusion prevents the trans-
mission of viruses such as HIV or hepatitis B. It also
eliminates transfusion reactions.
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B NORMAL BLOOD VOLUME

Total amount of blood present in the circulatory system,
blood reservoirs, organs and tissues together constitute
blood volume. In a normal young healthy adult male
weighing about 70 kg, the blood volume is about 5 L. It
is about 7% of total body weight. It ranges between 6%
and 8% of body weight. In relation to body surface area,
blood volume is 2.8 to 3.1 L/sg M.

B VARIATIONS IN BLOOD VOLUME
B PHYSIOLOGICAL VARIATIONS

1. Age

Absolute blood volume is less at birth and it increases
steadily as the age advances. However, at birth, the
blood volume is more when compared to body weight
and less when compared to the body surface area. At
birth and at 24 hours after birth, the blood volume is
about 80 mL/kg body weight. At the end of 6 months, it
increases to about 86 mL/kg. At the end of one year, it
is about 80 mL/kg. It remains at this level until 6 years of
age. At 10 years, it is about 75 mL/kg. At the age of 15
years, the blood volume is about 70 mL/kg body weight,
which is almost the adult volume.

2. Sex

In males, the blood volume is slightly more than in
females because of the increase in erythropoietic

activity, body weight and surface area of the body. In
females, itis slightly less because of loss of blood through
menstruation, more fats and less body surface area.

3. Surface Area of the Body

Blood volume is directly proportional to the surface area
of the body.

4. Body Weight

Blood volume is directly proportional to body weight.

5. Atmospheric Temperature

Exposure to cold environment reduces the blood volume
and exposure to warm environment increases the blood
volume.

6. Pregnancy

During early stage of preghancy, blood volume increases
by 20% to 30% due to the increased fetal mass and
sodium retention. However, it reduces in later stages.
7. Exercise

Exercise increases the blood volume by increasing the
release of erythropoietin and production of more RBCs.
8. Posture

Standing (erect posture) for long time reduces the blood
volume by about 15%. It is because the pooling of blood



in lower limbs while standing increases the hydrostatic
pressure. This pressure pushes fluid from blood vessels
into the tissue spaces; so blood volume decreases.

9. High Altitude

Blood volume increases in high altitude. It is because of
hypoxia, which stimulates the secretion of erythropoietin.
It induces the production of more RBCs, which leads to
increase in blood volume.

10. Emotion

Excitement increases blood volume. It is because of
sympathetic stimulation, which causes splenic contrac-
tion and release of stored blood into circulation.

B PATHOLOGICAL VARIATIONS

Abnormalincreaseinbloodvolumeis called hypervolemia
and abnormal decrease in blood volume is called
hypovolemia. Refer applied physiology for details.

B MEASUREMENT OF BLOOD VOLUME

Blood volume is measured by two methods, direct
method and indirect method.

B DIRECT METHOD

Direct method is employed only in animals because
it involves sacrificing the life. The animal is killed by
decapitation and the blood is collected. The blood
vessels and the tissues are washed thoroughly with
known quantity of water or saline. And, this is added
to the blood collected already. The total volume is
measured. From this, the volume of water or saline used
for washing the tissues is deducted to obtain the volume
of the blood in the animal.

This method was first employed by Welcker, in
1854. Later, B'Schoff employed the same method on
decapitated criminals, to determine the blood volume in
human beings.

B INDIRECT METHOD

Indirect method is advantageous because, it is used
to measure the blood volume in human beings without
causing any discomfort or any difficulty to the subject.
Measurement of total blood volume involves two
steps:
1. Determination of plasma volume
2. Determination of blood cell volume.
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Determination of Plasma Volume

Plasma volume is determined by two methods:
i. Indicator or dye dilution technique
ii. Radioisotope method.

i. Determination of plasma volume by indicator or dye
dilution technique

Principles and other details of this technique are explained
in Chapter 6. The dye which is used to measure plasma
volume is Evans blue or T-1824.

Procedure

10 mL of blood is drawn from the subject. This is divided
into 2 equal portions. To one part, a known quantity of
the dye is added. This is used as control sample in the
procedure. The other portion is used to determine the
hematocrit value.

Then, a known volume of the dye is injected intra-
venously. After 10 minutes, a sample of blood is drawn.
Then, another 4 samples of blood are collected at the
interval of 10 minutes. All the 5 samples are centrifuged
and plasma is separated from the samples. In each
sample of plasma, the concentration of the dye is
measured by colorimetric method and the average
concentration is found.

The subject’s urine is collected and the amount of
dye excreted in the urine is measured.

Calculation
Plasma volume is determined by using the formula,

Amount of dye injected — Amount excreted
Volume =

Average concentration of dye in plasma

ii. Determination of plasma volume by radioisotope
method

Radioactive iodine (**!1 or 132]) is injected. After sometime,
a sample of blood is collected. The radioactivity is
determined by using appropriate counter. From this, the
plasma volume is determined.

Determination of Blood Cell Volume

Blood cell volume is determined by two methods:
i. By hematocrit value
ii. By radioisotope method.

i. Determination of blood cell volume by hematocrit value

This is usually done by centrifuging the blood and
measuring the packed cell volume (Chapter 13). Packed
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cell volume (PCV) is expressed in percentage. If this is
deducted from 100, the percentage of plasma is known.
From this and from the volume of plasma, the amount of
total blood is calculated by using the formula.

100 x Amount of plasma
100 — PCV

Blood volume =

ii. Determination of blood cell volume by radioisotope
method

Volume of blood cell is measured by radioisotope
method also. Radioactive chromium (Cr®?) is added
with heparinized blood and incubated for 2 hours at
37°C. During this time, all the red cells in the blood are
‘tagged’ with Cr®2. Then, this is injected intravenously.
After giving sufficient time for mixing, a sample of blood
is drawn. Hematocrit value is determined by measuring
the radioactivity in the blood sample. Radioactive iron
(Fe®®, Fe®) or radioactive phosphorus (P*) is also used
for determining the hematocrit value.

B REGULATION OF BLOOD VOLUME

Various mechanisms are involved in the regulation of
blood volume. The important ones are the renal and
hormonal mechanisms. Hypothalamus plays a vital role
in the activation of these two mechanisms during the
regulation of blood volume.

When blood volume increases, hypothalamus
causes loss of fluid from the body. When the blood
volume reduces, hypothalamus induces retention of
water. Hypothalamus regulates the extracellular fluid
(ECF) volume and blood volume by acting mainly through
kidneys and sweat glands and by inducing thirst. This
function of hypothalamus is described in Chapter 149.

Hormones also are involved in the regulation of
blood volume through the regulation of ECF volume.
Hormones which are involved in the maintenance of
ECF volume are:

1. Antidiuretic hormone (Chapter 66)

2. Aldosterone (Chapter 70)

3. Cortisol (Chapter 70)

4. Atrial natriuretic peptide (Chapter 72).

B APPLIED PHYSIOLOGY

B HYPERVOLEMIA

Increase in blood volume is called hypervolemia. It
occurs in the following pathological conditions:

1. Hyperthyroidism

Blood volume increases because thyroxine increases
the RBC count and plasma volume.

2. Hyperaldosteronism

In hyperaldosteronism, excess retention of sodium and
water leads to increase in the ECF volume and blood
volume.

3. Cirrhosis of the Liver

In this condition, the blood volume is more because of
increase in the plasma volume.

4. Congestive Cardiac Failure

Retention of sodium occurs in this condition. Sodium
retention leads to water retention and increase in ECF
volume, plasma volume and blood volume.

H HYPOVOLEMIA

Decrease in blood volume is called hypovolemia. It
occurs in the following pathological conditions:

1. Hemorrhage or Blood Loss

Acute hemorrhage occurs due to cuts or accidents.
The chronic hemorrhage occurs in ulcers, bleeding
piles and excessive uterine bleeding in females during
menstruation.

2. Fluid Loss

Fluid loss occurs in burns, vomiting, diarrhea, excessive
sweating and polyuria.

3. Hemolysis

Excessive destruction of RBCs occurs because of the
presence of various hemolytic agents and other factors
such as, hypotonic solution, snake venom, acidity or
alkalinity, mismatched blood transfusion, hemorrhagic
smallpox and measles.

4. Anemia

Blood volume decreases in various types of anemia
because of decrease in RBC count. In some cases,
the quantity (volume) of blood remains the same but
the quality of the blood alters. Blood becomes dilute
(hemodilution) because of the entrance of fluid into the
blood vessel.

5. Hypothyroidism

During hypothyroidism, the blood volume is decreased
because of reduction in plasma volume and RBC
count.
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Bl DEFINITION AND DISTRIBUTION

B RETICULOENDOTHELIAL SYSTEM OR
MACROPHAGE SYSTEM

Reticuloendothelialsystemortissuemacrophagesystemis
thesystemofprimitive phagocyticcells,whichplayanimpor-
tantrole in defense mechanism ofthe body. The reticuloen-
dothelial cells are found in the following structures:
1. Endothelial lining of vascular and lymph channels.
2. Connective tissue and some organs like spleen,
liver, lungs, lymph nodes, bone marrow, etc.
Reticular cells in these tissues form the tissue
macrophage system.

B MACROPHAGE

Macrophage is a large phagocytic cell, derived from
monocyte (Chapter 17).

B CLASSIFICATION OF
RETICULOENDOTHELIAL CELLS

Reticuloendothelial cells are classified into two types:
1. Fixed reticuloendothelial cells or tissue macrophages.
2. Wandering reticuloendothelial cells.

B FIXED RETICULOENDOTHELIAL CELLS -
TISSUE MACROPHAGES

Fixed reticuloendothelial cells are also called the tissue
macrophages or fixed histiocytes because, these cells
are usually located in the tissues.

Tissue macrophages are present in the following
areas:
1. Connective Tissue

Reticuloendothelial cells in connective tissues and in
serous membranes like pleura, omentum and mesentery
are called the fixed macrophages of connective tissue.
2. Endothelium of Blood Sinusoid

Endothelium of the blood sinusoid in bone marrow,
liver, spleen, lymph nodes, adrenal glands and pituitary
glands also contain fixed cells. Kupffer cells present in
liver belong to this category.

3. Reticulum

Reticulum of spleen, lymph node and bone marrow
contain fixed reticuloendothelial cells.

4. Central Nervous System

Meningocytes of meninges and microglia form the tissue
macrophages of brain.

5. Lungs

Tissue macrophages are present in the alveoli of lungs.

6. Subcutaneous Tissue

Fixed reticuloendothelial
subcutaneous tissue also.

cells are present in



152 Section 2 4 Blood and Body Fluids

B WANDERING RETICULOENDOTHELIAL
CELLS AND TISSUE MACROPHAGES

Wandering reticuloendothelial cells are also called
free histiocytes. There are two types of wandering
reticuloendothelial cells:

1. Free Histiocytes of Blood

i. Neutrophils
ii. Monocytes, which become macrophages and
migrate to the site of injury or infection.

2. Free Histiocytes of Solid Tissue

During emergency, the fixed histiocytes from connective
tissue and other organs become wandering cells and
enter the circulation.

B FUNCTIONS OF
RETICULOENDOTHELIAL SYSTEM

Reticuloendothelial system plays an important role in the
defense mechanism of the body. Most of the functions
of the reticuloendothelial system are carried out by the
tissue macrophages.

Functions of tissue macrophages:

1. Phagocytic Function

Macrophages are the large phagocytic cells, which
play an important role in defense of the body by
phagocytosis.

When any foreign body invades, macrophages
ingest them by phagocytosis and liberate the antigenic
products of the organism. The antigens activate the
helper T lymphocytes and B lymphocytes. (Refer
Chapter 17 for details).

Lysosomes of macrophages contain proteolytic
enzymes and lipases, which digest the bacteria and
other foreign bodies.

2. Secretion of Bactericidal Agents

Tissue macrophages secrete many bactericidal agents
which kill the bacteria. The important bactericidal agents
of macrophages are the oxidants. An oxidant is a
substance that oxidizes another substance.

Oxidants secreted by macrophages are:

i. Superoxide (O, )

ii. Hydrogen peroxide (H,0,)

iii. Hydroxyl ions (OH").

These oxidants are the most potent bactericidal
agents. So, even the bacteria which cannot be digested
by lysosomal enzymes are degraded by these oxidants.

3. Secretion of Interleukins

Tissue macrophages secrete the following interleukins,
which help in immunity:
i. Interleukin-1 (IL-1): Accelerates the maturation
and proliferation of specific B lymphocytes and
T lymphocytes.
ii. Interleukin-6 (IL-6): Causes the growth of B
lymphocytes and production of antibodies.
iii. Interleukin-12 (IL-12): Influences the T helper
cells.

4. Secretion of Tumor Necrosis Factors

Two types of tumor necrosis factors (TNF) are secreted
by tissue macrophages:
i. TNF-a: Causes necrosis of tumor and activates
the immune responses in the body
ii. TNF-B: Stimulates immune system and vascular
response, in addition to causing necrosis of
tumor.

5. Secretion of Transforming Growth Factor

Tissue macrophages secrete transforming growth factor,
which plays an important role in preventing rejection of
transplanted tissues or organs by immunosuppression.

6. Secretion of Colony-stimulation Factor

Colony-stimulation factor (CSF) secreted by macro-
phages is M-CSF. It accelerates the growth of granulo-
cytes, monocytes and macrophages.

7. Secretion of Platelet-derived Growth Factor

Tissue macrophages secrete the platelet-derived growth
factor (PDGF), which accelerates repair of damaged
blood vessel and wound healing.

8. Removal of Carbon Particles and Silicon

Macrophages ingest the substances like carbon dust
particles and silicon, which enter the body.

9. Destruction of Senile RBC

Reticuloendothelial cells, particularly those in spleen
destroy the senile RBCs and release hemoglobin
(Chapter 9).

10. Destruction of Hemoglobin

Hemoglobin released from broken senile RBCs is degra-
ded by the reticuloendothelial cells (Chapter 11).
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B STRUCTURE OF SPLEEN

Spleen is the largest lymphoid organ in the body and
it is highly vascular. It is situated in left hypochondrial
region, i.e. upper left part of the abdomen, behind the
stomach and just below the diaphragm. About 10% of
people have one or more accessory spleens which are
situated near the main spleen.

Spleen is covered by an outer serous coat and
an inner fibromuscular capsule. From the capsule, the
trabeculae and trabecular network arise. All the three
structures, viz. capsule, trabeculae and trabecular
network contain collagen fibers, elastic fibers, smooth
muscle fibers and reticular cells. The parenchyma of
spleen is divided into red and white pulp.

B RED PULP

Red pulp consists of venous sinus and cords of structures
like blood cells, macrophages and mesenchymal cells.

B WHITE PULP

The structure of white pulp is similar to that of lymphoid
tissue. It has a central artery, which is surrounded by
splenic corpuscles or Malpighian corpuscles. These
corpuscles are formed by lymphatic sheath containing
lymphocytes and macrophages.

B FUNCTIONS OF SPLEEN

H 1. FORMATION OF BLOOD CELLS

Spleen plays an important role in the hemopoietic
function in embryo. During the hepatic stage, spleen
produces blood cells along with liver. In myeloid stage,
it produces the blood cells along with liver and bone
marrow.

B 2. DESTRUCTION OF BLOOD CELLS

Older RBCs, lymphocytes and thrombocytes are
destroyed in the spleen. When the RBCs become old
(120 days), the cell membrane becomes more fragile.
Diameter of most of the capillaries is less or equal to that
of RBC. The fragile old cells are destroyed while trying
to squeeze through the capillaries because, these cells
cannot withstand the stress of squeezing.

Destruction occurs mostly in the capillaries of spleen
because the splenic capillaries have a thin lumen. So,
the spleen is known as ‘graveyard of RBCs'.

H 3. BLOOD RESERVOIR FUNCTION

In animals, spleen stores large amount of blood.
However, this function is not significant in humans. But,
a large number of RBCs are stored in spleen. The RBCs
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are released from spleen into circulation during the
emergency conditions like hypoxia and hemorrhage.

B 4. ROLE IN DEFENSE OF BODY

Spleen filters the blood by removing the microorganisms.
The macrophages in splenic pulp destroy the micro-
organisms and other foreign bodies by phagocytosis.
Spleen contains about 25% of T lymphocytes and
15% of B lymphocytes and forms the site of antibody
production.

B APPLIED PHYSIOLOGY

B SPLENOMEGALY AND HYPERSPLENISM

Splenomegaly refers to enlargement of spleen. Increase
in the activities of spleen is called hypersplenism.
Some diseases cause splenomegaly resulting in
hypersplenism.
Diseases which cause splenomegaly:

1. Infectious diseases such as malaria, typhoid and
tuberculosis

Inflammatory diseases like rheumatoid arthritis
Pernicious anemia
Liver diseases
Hematological disorders like spherocytosis

ok wh

6. Cysts in spleen
7. Hodgkin's disease
8. Glandular fever.

Effects of Splenomegaly

1. Hemolysis resulting in anemia
2. Leukopenia

3. Thrombocytopenia

4. Increase in plasma volume.

B HYPOSPLENISM AND ASPLENIA

Hyposplenism or hyposplenia refers to diminished
functioning of spleen. It occurs after partial removal of
spleen due to trauma or cyst. Asplenia means absence
of spleen. Functional asplenia means normal functions
of spleen. It occurs in the following conditions:

1. Congenital absence of spleen function (congenital
asplenia).

2. Acquired through surgical
(splenectomy).

3. Acquired through some diseases, which destroy
spleen to such an extent that it becomes non-
functional. This process is called autosplenectomy.
The diseases which cause autosplenectomy are
sickle cell anemia and spherocytosis.

removal of spleen
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B LYMPHATIC SYSTEM

Lymphatic system is a closed system of lymph channels
or lymph vessels, through which lymph flows. It is a
one-way system and allows the lymph flow from tissue
spaces toward the blood.

B ORGANIZATION OF LYMPHATIC SYSTEM

Lymphatic system arises from tissue spaces as a
meshwork of delicate vessels. These vessels are called
lymph capillaries.

Lymph capillaries start from tissue spaces as
enlarged blind-ended terminals called capillary bulbs.
These bulbs contain valves, which allow flow of lymph in
only one direction. There are some muscle fibers around
these bulbs. These muscle fibers cause contraction of
bulbs so that, lymph is pushed through the vessels.

Lymph capillaries are lined by endothelial cells.
Capillaries unite to form large lymphatic vessels.
Lymphatic vessels become larger and larger because of
the joining of many tributaries along their course.

The structure of lymph capillaries is slightly different
from that of the blood capillaries. Lymph capillaries are

more porous and the cells lie overlapping on one another.
This allows the fluid to move into the lymph capillaries
and not in the opposite direction.

B DRAINAGE OF LYMPHATIC SYSTEM

Larger lymph vessels ultimately form the right lymphatic
duct and thoracic duct. Right lymphatic duct opens into
right subclavian vein and the thoracic duct opens into
left subclavian vein. Thoracic duct drains the lymph from
more than two third of the tissue spaces in the body (Fig.
26.1).

B SITUATION OF LYMPH VESSELS

Lymph vessels are situated in the following regions:
Deeper layers of skin

Subcutaneous tissues

Diaphragm

Wall of abdominal cavity

Omentum

Linings of respiratory tract except alveoli
Linings of digestive tract

Linings of urinary tract

N RAWON =
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Cortex

Cortex of lymph node consists of primary and secondary
lymphoid follicles. Primary follicle develops first. When
some antigens enter the body and reach the lymph
nodes, the cells of primary follicle proliferate. The active
proliferation of the cells occurs in a particular area of
the follicle called the germinal center. After proliferation
of cells, the primary follicles become the secondary
follicle. Cortex also contains some B lymphocytes,
which are usually aggregated into the primary follicles.
Macrophages are also found in the cortex.

Paracortex

Paracortex is in between the cortex and medulla.
Paracortex contains T lymphocytes.

Medulla

Medulla contains Band Tlymphocytes and macrophages.
Blood vessels of lymph node pass through medulla.

Lymphatic Vessels to Lymph Node

Lymph node receives lymph by one or two lymphatic
vessels called afferent vessels. Afferent vessels divide
into small channels. Lymph passes through afferent
vessels and small channels and reaches the cortex. It
circulates through cortex, paracortex and medulla of the
lymph node. From medulla, the lymph leaves the node

FIGURE 26.1: Lymph drainage. Blue area = Drained by right
lymphatic duct; Pink area = Drained by thoracic duct.

9. Linings of genital tract via one or two efferent vessels.

10. Liver

11. Heart. Distribution of Lymph Nodes
Lymph vessels are not present in the following

Lymph nodes are present along the course of lymphatic

structures: vessels in elbow, axilla, knee and groin. Lymph nodes

1. Superficial layers of skin

2. Central nervous system

3. Cornea Capsule.._____.______\
4. Bones

Cortex ——————-
5. Alveoli of lungs. . Afferent
Paracortex ------ \ - G lymphatic
B LYMPH NODES Efferent vessel
lymphatic ----—+ )
Lymph nodes are small glandular structures located in vessel | l?;gﬁ%
the course of lymph vessels. The lymph nodes are also Artery ——- - J follice
called lymph glands or lymphatic nodes. Vein-—~ - Secondary
lymphoid
B STRUCTUTRE OF LYMPH NODES Medulla — follicle

Each lymph node constitutes masses of lymphatic
tissue, covered by a dense connective tissue capsule. Germinal---------
The structures are arranged in three layers namely contar

cortex, paracortex and medulla (Fig. 26.2). FIGURE 26.2: Structure of a lymph node



are also present in certain points in abdomen, thorax
and neck, where many lymph vessels join.

B FUNCTIONS OF LYMPH NODES

Lymph nodes serve as filters which filter bacteria and
toxic substances from the lymph.
Functions of the lymph nodes are:

1. When lymph passes through the lymph nodes, it is
filtered, i.e. the water and electrolytes are removed.
But, the proteins and lipids are retained in the
lymph.

2. Bacteria and other toxic substances are destroyed
by macrophages of lymph nodes. Because of this,
lymph nodes are called defense barriers.

B APPLIED PHYSIOLOGY — SWELLING
OF LYMPH NODES

During infection or any other processes in a particular
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Most common cause of swollen lymph nodes
is infection. Lymph nodes situated near an infected
area swell immediately. When the body recovers from
infection, the lymph nodes restore their original size
gradually, in one or two weeks.

Causes for Lymph Node Swelling

1. Skin infection of arm causes swelling of lymph nodes
in armpit.

2. Tonsillitis or throat infection causes swelling of
lymph nodes in neck.

3. Infection of genital organs or leg results in swelling
of lymph nodes in groin.

4. Viral infections such as glandular fever which affect
the whole body cause swelling of lymph nodes in
various parts of the body.

5. Cancer in a particular region may spread into the
nearby lymph nodes causing the swelling.

region of the body, activities of the lymph nodes in that Examples:
region increase. This causes swelling of the lymph nodes. i. Throat cancer may spread into lymph nodes in
Sometimes, the swollen lymph nodes cause pain. neck.
Lymph
|
- B
Solids — 4% Water — 96%

— Organic substances

l. Proteins (2% to 6% of solids)

— Inorganic substances

A. In low concentration than in plasma
1. Sodium
2. Calcium
3. Potassium

Il. Lipids (5% to 15% of solids)
In the form of:

1. Glucose (120 mg%)

— Cellular contents

Lymphocytes (1,000 to 2,000 per cu mm)

IV. Amino acids
All the amino acids

1. Albumin 1. Chylomicrons present in plasma
2. Globulin 2. Lipoproteins

3‘ Erl"c;itlt)iggi;asctors V. Non-protein nitrogenous
5. Enzymes lll. Carbohydrate 1‘5Ll},|rl:;satances

2. Creatinine

B. In high concentration than in plasma

1. Chlorides
2. Bicarbonates

Other cells: 1. Monocytes 2. Macrophages 3. Plasma cells

FIGURE 26.3: Composition of lymph
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ii. Lung cancer may spread into lymph nodes in
chest.

iii. Breast cancer may spread into lymph nodes in
armpit.

iv. Intestinal cancer may spread into lymph nodes
in abdomen.

v.. Lymphomas (cancer of lymphatic system) and
leukemia cause swelling of lymph nodes in many
parts of the body.

B LYMPH

B FORMATION OF LYMPH

Lymph is formed from interstitial fluid, due to the
permeability of lymph capillaries. When blood passes
via blood capillaries in the tissues, 9/10th of fluid passes
into venous end of capillaries from the arterial end.
And, the remaining 1/10th of the fluid passes into lymph
capillaries, which have more permeability than blood
capillaries.

So, when lymph passes through lymph capillaries,
the composition of lymph is more or less similar to that of
interstitial fluid including protein content. Proteins present
in the interstitial fluid cannot enter the blood capillaries
because of their larger size. So, these proteins enter
lymph vessels, which are permeable to large particles
also.

Addition of Proteins and Fats

Tissue fluid in liver and gastrointestinal tract contains
more protein and lipid substances. So, proteins and lipids
enter the lymph vessels of liver and gastrointestinal tract
in large quantities. Thus, lymph in larger vessels has
more proteins and lipids.

Concentration of Lymph

When the lymph passes through the lymph nodes, it is
concentrated because of absorption of water and the

electrolytes. However, the proteins and lipids are not
absorbed.

B RATE OF LYMPH FLOW

About 120 mL of lymph flows into blood per hour. Out of
this, about 100 mL/hour flows through thoracic duct and
20 mL/ hour flows through the right lymphatic duct.

Factors Increasing the Flow of Lymph

Flow of lymph is promoted by the increase in:
1. Interstitial fluid pressure.
2. Blood capillary pressure.
3. Surface area of lymph capillary by means of
dilatation.
4. Permeability of lymph capillaries.
5. Functional activities of tissues.

B COMPOSITION OF LYMPH

Usually, lymph is a clear and colorless fluid. It is formed
by 96% water and 4% solids. Some blood cells are also
present in lymph (Fig. 26.3).

B FUNCTIONS OF LYMPH

1. Important function of lymph is to return the proteins

from tissue spaces into blood.

It is responsible for redistribution of fluid in the body.

3. Bacteria, toxins and other foreign bodies are remov-
ed from tissues via lymph.

4. Lymph flow is responsible for the maintenance of
structural and functional integrity of tissue. Obstruc-
tion to lymph flow affects various tissues, particularly
myocardium, nephrons and hepatic cells.

5. Lymph flow serves as an important route for intestinal
fat absorption. This is why lymph appears milky after
a fatty meal.

6. It plays an important role in immunity by transport of
lymphocytes.

n
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B DEFINITION

Tissue fluid is the medium in which cells are bathed. It is
otherwise known as interstitial fluid. It forms about 20%
of extracellular fluid (ECF).

B FUNCTIONS OF TISSUE FLUID

Because of the capillary membrane, there is no direct
contact between blood and cells. And, tissue fluid acts as
a medium for exchange of various substances between
the cells and blood in the capillary loop. Oxygen and
nutritive substances diffuse from the arterial end of
capillary through the tissue fluid and reach the cells.
Carbon dioxide and waste materials diffuse from the
cells into the venous end of capillary through this fluid.

B FORMATION OF TISSUE FLUID

Formation of tissue fluid involves two processes:
1. Filtration.
2. Reabsorption.

B FILTRATION

Tissue fluid is formed by the process of filtration.
Normally, the blood pressure (also called hydrostatic

pressure) in arterial end of the capillary is about 30
mm Hg. This hydrostatic pressure is the driving force
for filtration of water and other substances from blood
into tissue spaces. Along the course of the capillary, the
pressure falls gradually and it is about 15 mm Hg at the
venous end.

Capillary membrane is not permeable to the large
molecules, particularly the plasma proteins. So, these
proteins remain in the blood and exert a pressure called
oncotic pressure or colloidal osmotic pressure. It is
about 25 mm Hg.

Osmotic pressure is constant throughout the
circulatory system and it is an opposing force for the
filtration of water and other materials from capillary blood
into the tissue space. However, the hydrostatic pressure
in the arterial end of the capillary (30 mm Hg) is greater
than the osmotic pressure. And, the net filtration pressure
of 5 mm Hg is responsible for continuous filtration (Fig.
27.1).

Starling Hypothesis

Determination of net filtration pressure is based on
Starling hypothesis. Starling hypothesis states that the
net filtration through capillary membrane is proportional
to the hydrostatic pressure difference across the
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membrane minus the oncotic pressure difference. These
pressures are called Starling forces (Refer Chapter 52
for more details).

B REABSORPTION

Fluid filtered atthe arterial end of capillaries is reabsorbed
back into the blood at the venous end of capillaries. Here
also, the pressure gradient plays an important role. At
the venous end of capillaries, the hydrostatic pressure
is less (15 mm Hg) and the oncotic pressure is more (25
mm Hg). Due to the pressure gradient of 10 mm Hg, the
fluid is reabsorbed along with waste materials from the
tissue fluid into the capillaries. About 10% of filtered fluid
enters the lymphatic vessels.

Thus, the process of filtration at the arterial end of
the capillaries helps in the formation of tissue fluids and
the process of reabsorption at the venous end helps to
maintain the volume of tissue fluid.

B APPLIED PHYSIOLOGY - EDEMA
B DEFINITION

Edema is defined as the swelling caused by excessive
accumulation of fluid in the tissues. It may be generalized
or local. Edema that involves the entire body is called
generalized edema. Local edema is the one that occurs

is specific areas of the body such as abdomen, lungs
and extremities like feet, ankles and legs. Accumulation
of fluid may be inside or outside the cell.

B TYPES OF EDEMA

Edema is classified into two types, depending upon the
body fluid compartment where accumulation of excess
fluid occurs:

1. Intracellular edema

2. Extracellular edema.

B INTRACELLULAR EDEMA

Intracellular edema is the accumulation of fluid inside
the cell. It occurs because of three reasons:

1. Malnutrition

2. Poor metabolism

3. Inflammation of the tissues.

1. Edema due to Malnutrition

Malnutrition occurs because of poor intake of food or
poor circulatory system, through which the nutritive
substances are supplied. Due to the lack of nutrition,
the ionic pumps of the cell membrane are depressed
leading to poor exchange of ions. Especially, the sodium
ions leaking into the cells cannot be pumped out. Excess

Arterial end of capillary

Capillary blood pressure = 30 mm Hg
Osmotic pressure =25 mm Hg

Tissue fluid

Filtration

Capillary blood pressure = 15 mm Hg
Osmotic pressure =25 mm Hg

Reabsorption

/[ Lymph capillary

3 )
X

FIGURE 27.1: Formation of tissue fluid. Plasma proteins remain inside the blood capillary as the capillary
membrane is not permeable to plasma proteins.



sodium inside the cells causes endosmosis, resulting in
intracellular edema.

2. Edema due to Poor Metabolism

Poor metabolism is caused by poor blood supply. Poor
blood supply leads to lack of oxygen. It results in poor
function of cell membrane and edema, as explained
above.

3. Edema due to Inflammation of Tissues

During inflammation of the tissues, usually the
permeability of cell membrane increases. This causes
the movement of many ions, including sodium into the
cells resulting in endosmosis and intracellular edema.

B EXTRACELLULAR EDEMA

Extracellular edema is defined as the accumulation of
fluid outside the cell.

Causes for extracellular edema

1. Abnormal leakage of fluid from capillaries into
interstitial space.

2. Obstruction of lymphatic vessels that prevents fluid
return from interstitium to blood.

Conditions which lead to extracellular edema

Heart failure.

Renal disease.

Decreased amount of plasma proteins.
Lymphatic obstruction.

Increased endothelial permeability.

abhwN =~

1. Edema due to Heart Failure

Edema occurs in heart failure because of various
reasons such as:

i. Failure of heartto pump blood: Failure of the heart
to pump blood from veins to arteries increases
venous pressure and capillary pressure. This
leads to increased capillary permeability and
leakage of fluid from blood into interstitial fluid,
causing extracellular edema.

ii. Fall in blood pressure during heart failure: It
decreases the glomerular filtration rate in the
kidneys, resulting in sodium and water retention.
So, the volume of blood and body fluid increases.
This in turn increases the capillary hydrostatic
pressure. These two factors together increase
the accumulation of fluid causing extracellular
edema.

iii. Low blood supply to kidneys during heart
failure: It increases renin secretion, which in turn
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increases aldosterone secretion. Aldosterone
increases the reabsorption of sodium and water
from renal tubules into ECF resulting in the
development of extracellular edema.

Pulmonary Edema

Pulmonary edema is the accumulation of fluid in
pulmonary interstitium. In left heart failure, the blood
is easily pumped into pulmonary circulation by right
ventricle. However, the blood cannot return from lungs
to left side of the heart because of weakness of this
side of the heart. This increases pulmonary vascular
pressure leading to leakage of fluid from capillaries into
pulmonary interstitium. It causes pulmonary edema
which can be life threatening.

2. Edema due to Renal Diseases —
Generalized Edema

In renal disease, the kidneys fail to excrete water and
electrolytes particularly sodium, leading to retention of
water and electrolytes. So, the fluid leaks from blood into
interstitial space causing extracellular edema. Initially,
the edema develops in the legs, but later it progresses
to the entire body (generalized edema).

3. Edema due to Decreased Amount
of Plasma Proteins

When the amount of plasma proteins decreases, the
colloidal osmotic pressure decreases. Because of this,
the permeability of the capillary increases, resulting in
increased capillary filtration. So, more amount of water
leaks out of the capillary. It accumulates in the tissue
spaces resulting in extracellular edema.

Amount of plasma proteins decreases during
the conditions like malnutrition, liver diseases, renal
diseases, burns and inflammation.

4. Edema due to Lymphatic
Obstruction — Lymphedema

Lymphedema is the edema caused by lymphatic
obstruction. It is common in filariasis. During this
disease, the parasitic worms live in the lymphatics and
obstruct the drainage of lymph. Accumulation of lymph
along with cellular reactions leads to swelling that is very
prominent in legs and scrotum. Repeated obstruction of
lymphatic drainage in these regions results in fibrosis
and development of elephantiasis.

Elephantiasis

Elephantiasis is a disorder of lymphatic system,
characterized by thickening of skin and extreme
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enlargement of the affected area, most commonly
limbs (legs), genitals, certain areas of trunk and parts
of head.

5. Edema due to Increased Endothelial Permeability

The permeability of the capillary endothelium increases
in conditions like burns, inflammation, trauma, allergic
reactions and immunologic reactions, which lead to
oozing out of fluid. This fluid accumulates leading to
development of edema.

B PITTING AND NON-PITTING EDEMA

Interstitial fluid is present in the form of a gel that is
almost like a semisolid substance. It is because the
interstitial fluid is not present as fluid but is bound in
a proteoglycan meshwork. It does not allow any free
space for the fluid movement except for a diameter of
about a few hundredths of a micron.

Normal volume of interstitial fluid is 12 L and it exerts
a negative pressure of about 3 mm Hg. It applies a slight
suction effect and holds the tissues together. However,
in abnormal conditions, where the interstitial fluid volume
increases enormously, the pressure becomes positive.
Most of the fluid becomes free fluid that is not bound to
proteoglycan meshwork. It flows freely through tissue
spaces, producing a swelling called edema. This type
of edema is known as pitting edema because, when
this area is pressed with the finger, displacement of fluid
occurs producing a depression or pit. When the finger
is removed, the pit remains for few seconds, sometimes
as long as one minute, till the fluid flows back into that
area.

Edema also develops due to swelling of the cells or
clotting of interstitial fluid in the presence of fibrinogen.
This is called non-pitting edema because, it is hard and
a pit is not formed by pressing.
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QUESTIONS IN BLOOD AND BODY FLUIDS

B LONG QUESTIONS

1.

10.

11.

12.

What are the compartments of body fluid?
Enumerate the differences between ECF and ICF
and explain the measurement of ECF volume.
What is indicator dilution technique? How is it
applied in the measurement of total body water?
Describe dehydration briefly.

Give a detailed account of erythropoiesis.

Define erythropoiesis. List the different stages of
erythropoiesis. Describe the changes which take
place in each stage and the factors necessary for
erythropoiesis.

Describe the morphology,
functions of leukocytes.
Describe the development of cell-mediated
immunity.

Describe the development of humoral immunity.
Define blood coagulation. Describe the
mechanisms involved in coagulation. Add a note
on anticoagulants.

Enumerate the factors involved in blood
coagulation and describe the intrinsic mechanism
of coagulation.

Give an account of extrinsic mechanism of
coagulation of blood. Give a brief description of
bleeding disorders.

What is normal blood volume and what are the
factors regulating blood volume? Describe the
measurement of blood volume and give a brief
account of edema.

Give an account of tissue fluid. Add a note on
edema.

development and

B SHORT QUESTIONS

CoNOORWN =

Dye or indicator dilution technique.
Measurement of total body water.
Measurement of ECF volume.
Measurement of ICF volume.
Measurement of blood volume.
Measurement of plasma volume.
Dehydration.

Water intoxication.

Functions of blood.

Plasma proteins.

. Plasmapheresis.

Functions of RBCs.
Fate of RBCs.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
20.
30.
31.
32.
33.

34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.
55.
56.
57.
58.
59.
60.

Lifespan of RBCs.

Physiological variations of RBC count.
Polycythemia.

Stem cells.

Factors necessary for erythropoiesis.
Destruction of hemoglobin.
Abnormal hemoglobin.

Abnormal hemoglobin derivatives.
[ron metabolism.

Pernicious anemia.

Erythrocyte sedimentation rate.
Packed cell volume or hematocrit.
Anemia.

Blood indices.

Hemolysins.

Types and morphology WBCs.
Functions of WBCs.

T lymphocytes.

B lymphocytes.

Role of macrophages/antigen-presenting cells in
immunity.

Immunoglobulins or antibodies.
Immune deficiency diseases.
Autoimmune diseases.
Immunization.

Cytokines.

Platelets.

Hemostasis.

Fibrinolysis.

Tests for coagulation.
Anticoagulants.

Procoagulants.

Bleeding disorders.

Hemophilia.

Purpura.

Thrombosis.

ABO blood groups.

Rh factor.

Transfusion reactions.

Hemolytic disease of the newborn/
erythroblastosis fetalis.

Exchange transfusion

Blood volume.

Reticuloendothelial system or tissue macrophage.
Functions of spleen.

Lymph.

Lymph nodes.

Tissue fluid.

Edema.
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B DEPENDING UPON STRIATIONS
Bl DEPENDING UPON CONTROL
Bl DEPENDING UPON SITUATION

Human body has more than 600 muscles. Muscles
perform many useful functions and help us in doing
everything in day-to-day life. Muscles are classified by
three different methods, based on different factors:

I. Depending upon the presence or absence of

striations
Il. Depending upon the control
[ll. Depending upon the situation.

B DEPENDING UPON STRIATIONS

Depending upon the presence or absence of cross
striations, the muscles are divided into two groups:

1. Striated muscle

2. Non-striated muscle.

1. Striated Muscle

Striated muscle is the muscle which has a large number
of cross-striations (transverse lines). Skeletal muscle
and cardiac muscle belong to this category.

2. Non-striated Muscle

Muscle which does not have cross-striations is called
non-striated muscle. It is also called plain muscle or
smooth muscle. It is found in the wall of the visceral
organs.

B DEPENDING UPON CONTROL

Depending upon control, the muscles are classified into
two types:

1. Voluntary muscle
2. Involuntary muscle.

1. Voluntary Muscle

Voluntary muscle is the muscle that is controlled by the
will. Skeletal muscles are the voluntary muscles. These
muscles are innervated by somatic nerves.

2. Involuntary Muscle

Muscle that cannot be controlled by the will is called
involuntary muscle. Cardiac muscle and smooth muscle
are involuntary muscles. These muscles are innervated
by autonomic nerves.

B DEPENDING UPON SITUATION

Depending upon situation, the muscles are classified
into three types:
1. Skeletal muscle
2. Cardiac muscle
3. Smooth muscle.
Features of these muscles are given in Table 28.1.

1. Skeletal Muscle

Skeletal muscle is situated in association with bones
forming the skeletal system. The skeletal muscles
form 40% to 50% of body mass and are voluntary
and striated. These muscles are supplied by somatic
nerves.
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TABLE 28.1: Features of skeletal, cardiac and smooth muscle fibers

Features
Location
Shape
Length
Diameter
Number of nucleus
Cross-striations
Myofibrils
Sarcomere
Troponin
Sarcotubular system
‘T’ tubules
Depolarization
Fatigue
Summation
Tetanus
Resting membrane potential

For trigger of contraction,
calcium binds with

Source of calcium
Speed of contraction
Neuromuscular junction
Action

Control

Nerve supply

Skeletal muscle
In association with bones
Cylindrical and unbranched
1cmto4 cm
10 pto 100 p
More than one
Present
Present
Present
Present
Well developed
Long and thin
Upon stimulation
Possible
Possible
Possible

Stable
Troponin

Sarcoplasmic reticulum
Fast

Well defined

Voluntary action

Only neurogenic

Somatic nerves

Cardiac muscle

In the heart
Branched

80 pto 100 p
15pto20
One

Present
Present
Present
Present

Well developed
Short and broad
Spontaneous
Not possible
Not possible
Not possible

Stable

Troponin

Sarcoplasmic reticulum

Intermediate

Not well defined
Involuntary action
Myogenic

Autonomic nerves

Smooth muscle
In the visceral organs
Spindle-shaped, unbranched
50 p to 200 p
2ptoby
One
Absent
Absent
Absent
Absent
Poorly developed
Absent
Spontaneous
Not possible
Possible
Possible

Unstable
Calmodulin

Extracellular

Slow

Not well defined
Involuntary action
Neurogenic and myogenic

Autonomic nerves

Fibers of the skeletal muscles are arranged in
parallel. In most of the skeletal muscles, muscle fibers
are attached to tendons on either end. Skeletal muscles
are anchored to the bones by the tendons.

2. Cardiac Muscle

Cardiac muscle forms the musculature of the heart.
These muscles are striated and involuntary. Cardiac
muscles are supplied by autonomic nerve fibers.

3. Smooth Muscle

Smooth muscle is situated in association with viscera. It
is also called visceral muscle. It is different from skeletal
and cardiac muscles because of the absence of cross-
striations, hence the name smooth muscle. Smooth
muscle is supplied by autonomic nerve fibers. Smooth
muscles form the main contractile units of wall of the
various visceral organs.
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MUSCLE MASS
MUSCLE FIBER
MYOFIBRIL

SARCOMERE

B MYOSIN MOLECULE
B ACTIN MOLECULE
B TROPOMYOSIN

B TROPONIN

B STRUCTURES
B FUNCTIONS

B MICROSCOPIC STRUCTURE

B ELECTRON MICROSCOPIC STUDY
CONTRACTILE ELEMENTS (PROTEINS) OF MUSCLE

OTHER PROTEINS OF THE MUSCLE
SARCOTUBULAR SYSTEM

B COMPOSITION OF MUSCLE

B MUSCLE MASS

Muscle mass or muscle tissue is made up of a large
number of individual muscle cells or myocytes. The
muscle cells are commonly called muscle fibers because
these cells are long and slender in appearance. Skeletal
muscle fibers are multinucleated and are arranged
parallel to one another with some connective tissue in
between (Fig. 29.1).

Muscle mass is separated from the neighboring
tissues by a thick fibrous tissue layer known as fascia.
Beneath the fascia, muscle is covered by a connective
tissue sheath called epimysium. In the muscle, the
muscle fibers are arranged in various groups called
bundles or fasciculi. Connective tissue sheath that
covers each fasciculus is called perimysium. Each
muscle fiber is covered by a connective tissue layer
called the endomysium (Fig. 29.2).

B MUSCLE FIBER

Each muscle cell or muscle fiber is cylindrical in shape.
Average length of the fiber is 3 cm. It varies between
1 cm and 4 cm, depending upon the length of the
muscle. The diameter of the muscle fiber varies from
10 p to 100 p. The diameter varies in a single muscle.

Muscle fibers are attached to a tough cord of
connective tissue called tendon. Tendon is in turn
attached to the bone. Tendon of some muscles is thin,
flat and stretched but tough. Such type of tendon is
called aponeurosis.

Each muscle fiber is enclosed by a cell membrane
called plasma membrane, that lies beneath the endomy-
sium. Itis also called sarcolemma (Fig. 29.3). Cytoplasm
of the muscle is known as sarcoplasm.
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Epimysia

-—————===—Blood vessels

FIGURE 29.1: Structure of a skeletal muscle

Structures embedded within the sarcoplasm are:
Nuclei
Myofibril
Golgi apparatus
Mitochondria
Sarcoplasmic reticulum
Ribosomes
Glycogen droplets
Occasional lipid droplets.
Each muscle fiber has got one or more nuclei. In long
muscle fibers, many nuclei are seen. Nuclei are oval or
elongated and situated just beneath the sarcolemma.
Usually in other cells, the nucleus is in the interior of
the cell.

All the organelles of muscle fiber have the same
functions as those of other cells.

© N O AWNE

B MYOFIBRIL

Myofibrils or myofibrillae are the fine parallel filaments
present in sarcoplasm of the muscle cell. Myofibrils run
through the entire length of the muscle fiber.

In the cross-section of a muscle fiber, the myofibrils
appear like small distinct dots within the sarcoplasm.
Diameter of the myofibril is 0.2 to 2 y. The length of
a myofibril varies between 1 cm and 4 cm, depending
upon the length of the muscle fiber (Table 29.1).

In some muscle fibers, some of the myofibrils are
arranged in groups called Cohnheim’s areas or fields.

1
1
1
!
Muscle mass

--——==-Muscle fasciculus

Muscle ﬁher\ l

\ ‘Epimysium
Perimysium ---—-—————

Cc

FIGURE 29.2: Diagram showing. A. Skeletal muscle mass;
B. Cross-section of muscle; C. One muscle fasciculus.

B MICROSCOPIC STRUCTURE OF A MYOFIBRIL

Light microscopic studies show that, each myofibril
consists of a number of two alternating bands which
are also called the sections, segments or disks. These
bands are formed by muscle proteins.
The two bands are:
1. Light band or ‘I’ band.
2. Dark band or ‘A’ band.
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FIGURE 29.3: A. One muscle cell; B. One myofibril.

Light Band or ‘I’ Band

Light band is called ‘I' (isotropic) band because it
is isotropic to polarized light. When polarized light is
passed through the muscle fiber at this area, light rays
are refracted at the same angle.

Dark Band or ‘A’ Band

Dark band is called ‘A’ (anisotropic) band because it
is anisotropic to polarized light. When polarized light is
passed through the muscle fiber at this area, the light
rays are refracted at different directions (An = not; iso
= it; trops = turning). Dark band is also called ‘Q’ disk
(Querscheibe = cross disk).

In an intact muscle fiber, ‘I' band and ‘A’ band of
the adjacent myofibrils are placed side-by-side. It gives
the appearance of characteristic cross-striations in the
muscle fiber.

| band is divided into two portions, by means of
a narrow and dark line called ‘Z’ line or ‘Z’ disk (in
German, zwischenscheibe = between disks). The ‘Z’
line is formed by a protein disk, which does not permit
passage of light. The portion of myofibril in between two
‘Z’ lines is called sarcomere.

TABLE 29.1: Dimensions of structures in skeletal muscle

Structure Diameter
Muscle fiber lcmto4cm 10 p to 100 p
Myofibril lcmto4cm 0.2uto2p
Actin filament 1u 20 A
Myosin filament 1.5 115 A
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B SARCOMERE
Definition

Sarcomere is defined as the structural and functional
unit of a skeletal muscle. It is also called the basic
contractile unit of the muscle.

Extent

Each sarcomere extends between two ‘Z' lines
of myofibril. Thus, each myofibril contains many
sarcomeres arranged in series throughout its length.
When the muscle is in relaxed state, the average length
of each sarcomere is 2 to 3 p.

Components

Each myofibril consists of an alternate dark ‘A’ band and
light ‘I'band (Fig. 29.4). In the middle of ‘A’ band, there is
a light area called ‘H’ zone (H = hell = light —in German,
H = Henson — discoverer). In the middle of ‘H’ zone lies
the middle part of myosin filament. This is called ‘M’ line
(in German-mittel = middle). ‘M’ line is formed by myosin
binding proteins.

B ELECTRON MICROSCOPIC STUDY
OF SARCOMERE

Electron microscopic studies reveal that the sarcomere
consists of many thread-like structures called
myofilaments.

Myofilaments are of two types:
1. Actin filaments
2. Myosin filaments.

Actin filament Myosin filament

]
I
rd I
M line Z line

H zone

FIGURE 29.4: Sarcomere. A=Aband, | = | band.
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Actin Filaments

Actin filaments are the thin filaments with a diameter of
20 A and a length of 1 u. These filaments extend from
either side of the ‘Z’ lines, run across ‘I’ band and enter
into ‘A’ band up to ‘H’ zone.

Myosin Filaments

Myosin filaments are thick filaments with a diameter of
115 A and a length of 1.5 p. These filaments are situated
in ‘A’ band.

Cross-bridges

Some lateral processes (projections) called cross-
bridges arise from each myosin filament. These bridges
have enlarged structures called myosin heads at their
tips. Myosin heads attach themselves to actin filaments.
These heads pull the actin filaments during contraction
of the muscle, by means of a mechanism called sliding
mechanism or ratchet mechanism.

During the contraction of the muscle, the actin
filaments glide down between the myosin filaments
towards the center of ‘H' zone and approach the
corresponding actin filaments from the next ‘Z’ line (Fig.
29.5). The ‘Z' lines also approach the ends of myosin

| band A band
A A

—
\ ) E

H zone

A
1
i
Zline

FIGURE 29.5: Sarcomere in resting muscle A. Contracted
muscle; B. During contraction; Z lines come close, H zone and
| band are reduced and no change in A band.

]
Myosin filament

Actin filament

filaments, so that the ‘H’ zone and ‘I’ bands are shortened
during contraction of the muscle. During the relaxation
of the muscle, the actin filaments and ‘Z’ lines come
back to the original position.

B CONTRACTILE ELEMENTS
(PROTEINS) OF MUSCLE

Myosin filaments are formed by myosin molecules.
Actin filaments are formed by three types of proteins
called actin, tropomyosin and troponin. These four
proteins together constitute the contractile proteins or
the contractile elements of the muscle.

H MYOSIN MOLECULE

Each myosin filament consists of about 200 myosin
molecules. Though about 18 classes of myosin are
identified, only myosin Il is present in the sarcomere.
Myosin 1l is a globulin with a molecular weight
of 480,000. Each myosin molecule is made up of 6
polypeptide chains, of which two are heavy chains and
four are light chains (Fig. 29.5). Molecular weight of
each heavy chain is 200,000 (2 x 200,000 = 400,000).
Molecular weight of each light chain is 20,000 (4 x
20,000 = 80,000). Thus, total molecular weight of each
myosin molecule is 480,000 (400,000 + 80,000).

Portions of Myosin Molecule

Each myosin molecule has two portions:
1. Tail portion
2. Head portion.

Tail portion of myosin molecule

It is made up of two heavy chains, which twist around
each other in the form of a double helix (Fig. 29.6).

Head portion of myosin molecule

At one end of the double helix, both the heavy chains
turn away in opposite directions and form the globular
head portion. Thus the head portion has two parts. Two
light chains are attached to each part of the head portion
of myosin molecule (Fig. 29.6).

Myosin head---

4

Actin-binding site

FIGURE 29.6: Diagram showing myosin filament.
ATP = Adenosine triphosphate.



Each myosin head has two attachment sites. One
site is for actin filament and the other one is for one
ATP molecule (Fig. 29.7). Myosin head is absent in the
central part of myosin filament, i.e. in the ‘H’ zone.

B ACTIN MOLECULE

Actin molecules are the major constituents of the thin
actin filaments. Each actin molecule is called F-actin
and it is the polymer of a small protein known as G-actin.
There are about 300 to 400 actin molecules in each
actin filament. The molecular weight of each molecule
is 42,000. The actin molecules in the actin filament are
also arranged in the form of a double helix.

Each F-actin molecule has an active site to which
the myosin head is attached (Fig. 29.8).

B TROPOMYOSIN

About 40 to 60 tropomyosin molecules are situated
along the double helix strand of actin filament. Each
tropomyosin  molecule has the molecular weight
of 70,000. In relaxed condition of the muscle, the
tropomyosin molecules cover all the active sites of
F-actin molecules.

Head

Heavy' chain

P

Light chain

FIGURE 29.7: Myosin molecule formed by two heavy chains
and four light chains of polypeptides

Troponin -——@
1

Tropomyosin F-Actin
|
|

LB A A Y
-
we®

FIGURE 29.8: Part of actin filament.
Troponin has three subunits, T, C and .
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H TROPONIN

It is formed by three subunits:

1. Troponin I, which is attached to F-actin

2. Troponin T, which is attached to tropomyosin
3. Troponin C, which is attached to calcium ions.

B OTHER PROTEINS OF THE MUSCLE

In addition to the contractile proteins, the sarcomere
contains several other proteins such as:
1. Actinin, which attaches actin filament to ‘Z’ line.
2. Desmin, which binds ‘Z’ line with sarcolemma.
3. Nebulin, which runs in close association with and
parallel to actin filaments.
4. Titin, a large protein connecting ‘M’ line and ‘Z’ line.
Each titin molecule forms scaffolding (framework)
for sarcomere and provides elasticity to the muscle.

Myofibrils
/’l \\

Sarcolemma

Sarcoplasmic
reticulum

* T-Tubule

| Band Cisternae

A Band Mitochondrion

FIGURE 29.9: Diagram showing the relation between
sarcotubular system and parts of sarcomere. Only few
myofilaments are shown in the myofibril drawn on the right
side of the diagram.
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Skeletal muscle
J

!

Water - 75%

}

Solids — 25%

!

Organic substances

}

Inorganic substances)

l l 1. Potassium
2. Sodium
Proteins Other organic substances 3. Calcium
o 4. Magnesium
: 5. Chloride
1:Uiyosin 6. Phosphate
2. Actin ) 1. Carbohydrates — glycogen and hexophosphate 7. Sulfate
3. Tropomyos:n 2. Lipids — neutral fat, cholesterol, lecithin and steroids
4. Troponin 3. Nitrogenous substances —
5. Actinin I. ATP and adenylic acid I
6. Desmin ii. Carnosine and carnitineurea Potassium is the
7. Nebulin iii. Creatine and phosphocreatine principal mineral .
8. Titin iv. Urea and uric acid in the muscle  /
9 v. Xanthine and hypoxanthine

. Myoglobin J

FIGURE 29.10: Composition of skeletal muscle

When the muscle is stretched, the titin unfolds itself.
However, if the stretching is more, it offers resistance
and protects the sarcomere from overstretching.

5. Dystrophin,arod-shaped large protein that connects
actin filament to dystroglycan. Dystroglycan is a
transmembrane protein, present in the sarcolemma.
Dystrophin and dystroglycan form dystrophin-
dystroglycan or dystrophin-glycoprotein complex.

B SARCOTUBULAR SYSTEM

Sarcotubular system is a system of membranous
structures in the form of vesicles and tubules in the
sarcoplasm of the muscle fiber. It surrounds the myo-
fibrils embedded in the sarcoplasm (Fig. 29.9).

B STRUCTURES CONSTITUTING THE
SARCOTUBULAR SYSTEM

Sarcotubular system is formed mainly by two types of
structures:

1. T-tubules
2. L-tubules or sarcoplasmic reticulum.

T-Tubules

T-tubules or transverse tubules are narrow tubules
formed by the invagination of the sarcolemma. These
tubules penetrate all the way from one side of the
muscle fiber to an another side. That is, these tubules
penetrate the muscle cell through and through. Because
of their origin from sarcolemma, the T-tubules open to
the exterior of the muscle cell. Therefore, the ECF runs
through their lumen.

L-Tubules or Sarcoplasmic Reticulum

L-tubules or longitudinal tubules are the closed tubules
that run in long axis of the muscle fiber, forming
sarcoplasmic reticulum. These tubules form a closed
tubular system around each myofibril and do not open
to exterior like T-tubules.



L-tubules correspond to the endoplasmic reticulum
of other cells. At regular intervals, throughout the length
of the myofibrils, the L-tubules dilate to form a pair
of lateral sacs called terminal cisternae. Each pair of
terminal cisternae is in close contact with T-tubule. The
T-tubule along with the cisternae on either side is called
the triad of skeletal muscle.

In human skeletal muscle, the triads are situated at
the junction between ‘A’ band and ‘I’ band. Calcium ions
are stored in L-tubule and the amount of calcium ions is
more in cisternae.

B FUNCTIONS OF SARCOTUBULAR SYSTEM
Function of T-Tubules

T-tubules are responsible for rapid transmission of
impulse in the form of action potential from sarcolemma
to the myofibrils. When muscle is stimulated, the action
potential develops in sarcolemma and spreads through
it. Since T-tubules are the continuation of sarcolemma,
the action potential passes through them and reaches
the interior of the muscle fiber rapidly.
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Function of L-Tubules

L-tubules store a large quantity of calcium ions. When
action potential reaches the cisternae of L-tubule, the
calcium ions are released into the sarcoplasm. Calcium
ions trigger the processes involved in contraction of the
muscle. The process by which the calcium ions cause
contraction of muscle is called excitation-contraction
coupling (Chapter 31).

B COMPOSITION OF MUSCLE

Skeletal muscle is formed by 75% of water and
25% of solids. Solids are 20% of proteins and 5% of
organic substances other than proteins and inorganic
substances (Fig. 29.10).

Among the proteins, the first eight proteins are
already described in this chapter. Myoglobin is present
in sarcoplasm. It is also called myohemoglobin. Its
function is similar to that of hemoglobin, that is, to carry
oxygen. It is a conjugated protein with a molecular
weight of 17,000.
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B EXCITABILITY
B DEFINITIONS

Excitability

Excitability is defined as the reaction or response of a
tissue to irritation or stimulatiosn. It is a physicochemical
change.

Stimulus

Stimulus is the change in environment. It is defined as
an agent or influence or act, which causes the response
in an excitable tissue.

B TYPES OF STIMULUS

Stimuli, which can excite the tissue are of four types :
1. Mechanical stimulus (pinching)
2. Electrical stimulus (electric shock)

3. Thermal stimulus (applying heated glass rod or ice
piece)
4. Chemical stimulus (applying chemical substances
like acids).
Electrical stimulusis commonly usedforexperimental
purposes because of the following reasons:
i. It can be handled easily
ii. Intensity (strength) of stimulus can be easily
adjusted
iii. Duration of stimulus can be easily adjusted
iv. Stimulus can be applied to limited (small) area
on the tissues
v. Damage caused to tissues is nil or least.

B QUALITIES OF STIMULUS

To excite a tissue, the stimulus must possess two
characters:

1. Intensity or strength

2. Duration.



1. Intensity

Intensity or strength of a stimulus is of five types:
i. Subminimal stimulus

ii. Minimal stimulus

iii. Submaximal stimulus

iv. Maximal stimulus

v. Supramaximal stimulus.

Stimulus whose strength (or voltage) is sufficient to
excite the tissue is called threshold or liminal or minimal
stimulus. Other details are given under the heading
‘Factors affecting force of contraction’ in this chapter.

2. Duration

Whatever may be the strength of the stimulus, it must
be applied for a minimum duration to excite the tissue.
However, the duration of a stimulus depends upon
the strength of the stimulus. For a weak stimulus,
the duration is longer and for a stronger stimulus, the
duration is shorter. The relationship between the strength
and duration of stimulus is demonstrated by means of
excitability curve or strength-duration curve.

B EXCITABILITY CURVE OR
STRENGTH-DURATION CURVE

Excitability curve is the graph that demonstrates the
exact relationship between the strength and the duration
of a stimulus. So, it is also called the strength-duration
curve (Fig. 30.1).

~
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Strength of stimulus (V)

=1 I & I 1l

0.1 0.2 0.3 0.4 0.5
Duration (m sec)

FIGURE 30.1: Strength—duration curve. R = Rheobase,
UT = Utilization time, C = Chronaxie.
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Method to Obtain the Curve

In this curve, the strength of the stimulus is plotted
(in volts) vertically and the duration (in milliseconds)
horizontally.

To start with, a stimulus with higher strength or
voltage (4 or 5 volt) is applied. The minimum duration,
taken by the stimulus with particular strength to excite
the tissue is noted. The strength and duration are
plotted in the graph. Then, the strength of the stimulus
is decreased and the duration is determined. Like this,
the voltage is decreased gradually and the duration is
determined every time. All the results are plotted and
the curve is obtained.

Characteristic Features of the Curve

The shape of the curve is similar in almost all the
excitable tissues. Following are the important points to
be observed in the excitability curve:

1. Rheobase

2. Utilization time

3. Chronaxie.

1. Rheobase

Rheobase is the minimum strength (voltage) of stimulus,
which can excite the tissue. The voltage below this
cannot excite the tissue, whatever may be the duration
of the stimulus.

2. Utilization Time

Utilization time is the minimum time required for rheo-
basic strength of stimulus (threshold strength) to excite
the tissue.

3. Chronaxie

Chronaxie is the minimum time required for a stimulus
with double the rheobasic strength (voltage) to excite
the tissue.

Importance of chronaxie

Measurement of chronaxie determines the excitability
of the tissues. It is used to compare the excitability in
different tissues. Longer the chronaxie, lesser is the
excitability.

Normal chronaxie

0.08 to 0.32 milliseconds.
3 milliseconds.

In human skeletal muscles :
In frog skeletal muscle

Variations in chronaxie

Chronaxie is:
1. Ten times more in skeletal muscles of infants than in
the skeletal muscles of adults
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2. Shorter in red muscles than in pale muscles

3. Shorter in warm-blooded (homeothermic) animals
than in cold-blooded (poikilothermic) animals

4. Shortened during increased temperature and
prolonged during cold temperature

5. Longer in paralyzed muscles than in normal
muscle

6. Prolonged gradually during progressive neural
diseases.

B CONTRACTILITY

Contractility is the response of the muscle to a stimulus.
Contraction is defined as the internal events of muscle
with change in either length or tension of the muscle
fibers.

B TYPES OF CONTRACTION

Muscular contraction is classified into two types based
on change in the length of muscle fibers or tension of
the muscle:

1. Isotonic contraction

2. Isometric contraction.

1. Isotonic Contraction

Isotonic contraction is the type of muscular contraction
in which the tension remains the same and the length
of the muscle fiber is altered (iso = same: tonic =
tension).

Example: Simple flexion of arm, where shortening of
muscle fibers occurs but the tension does not change.

2. Isometric Contraction

Isometric contraction is the type of muscular contraction
in which the length of muscle fibers remains the same
and the tension is increased.

Example: Pulling any heavy object when muscles
become stiff and strained with increased tension but the
length does not change.

B SIMPLE MUSCLE CONTRACTION
OR TWITCH OR CURVE

The contractile property of the muscle is studied by
using gastrocnemius-sciatic preparation from frog. It is
also called muscle-nerve preparation.

When the stimulus with threshold strength is applied,
the muscle contracts and then relaxes. These activities
are recorded graphically by using suitable instruments.
The contraction is recorded as upward deflection from
the base line. And, relaxation is recorded as downward
deflection back to the base line (Fig. 30.2).

Simple contraction of the muscle is called simple
muscle twitch and the graphical recording of this is
called simple muscle curve.

Important Points in Simple Muscle Curve

Four points are to be observed in simple muscle curve:

1. Point of stimulus (PS): The time when the stimulus
is applied.

2. Point of contraction (PC): The time when muscle
begins to contract.

3. Point of maximum contraction (PMC): The point up
to which the muscle contracts. It also indicates the
beginning of relaxation of the muscle.

4. Point of maximum relaxation (PMR): The point when
muscle relaxes completely.

Periods of Simple Muscle Curve

All the four points mentioned above divide the entire
simple muscle curve into three periods:

1. Latent period (LP)

2. Contraction period (CP)

3. Relaxation period (RP).

1. Latent period

Latent period is the time interval between the point of
stimulus and point of contraction. The muscle does not
show any mechanical activity during this period.

LP
Il CcP RP

AAl/\]f\/\/\f\NW\/\[?m
PS PC PMC PMR

FIGURE 30-2: Isotonic simple muscle curve
PS Point of stimulus
PC Point of contraction
PMC = Point of maximum contraction

PMR = Point of maximum relaxation
LP = Latent period (0.01 sec)

CP = Contraction period (0.04 sec)
RP = Relaxation period (0.05 sec)



2. Contraction period

Contraction period is the interval between point of
contraction and point of maximum contraction. Muscle
contracts during this period.

3. Relaxation period

Relaxation period is the interval between point of
maximum contraction and point of maximum relaxation.
The muscle relaxes during this period.

Duration of different periods in a typical simple
muscle curve:

Latent period 0.01 second
Contraction period : 0.04 second
Relaxation period 0.05 second
Total twitch period : 0.10 second

Contraction period is always shorter than relaxation
period. Itis because, the contraction is an active process
and relaxation is a passive process.

Causes of Latent Period

1. Latent period is the time taken by the impulse to
travel along the nerve from place of stimulation to
muscle.

2. It is the time taken for the onset of initial chemical
changes in the muscle.

3. Itis due to the delay in the conduction of impulse at
the neuromuscular junction.

4. ltis due to the resistance offered by viscosity of the
muscle.

5. Itis also due to the inertia of the recording instrument.

Variations in Latent Period

Latent period is not constant. It varies even in
physiological conditions. It decreases in high temp-
erature. It increases in low temperature, during fatigue
and with increase in weight.

B CONTRACTION TIME — RED MUSCLE
AND PALE MUSCLE

Contraction time or total twitch period varies from
species to species. It is less in homeothermic animals
than in poikilothermic animals. In the same animal, it
varies in different groups of muscles.
Based on contraction time, the skeletal muscles are

classified into two types:

1. Red muscles

2. Pale muscles.
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Similarly, depending upon contraction time and
myosin ATPase activity the muscle fibers are also
divided into two types:

1. Type | fibers or slow fibers or slow twitch fibers,
which have small diameter.

2. Type Il fibers or fast fibers or fast twitch fibers, which
have large diameter.

Most of the skeletal muscles in human beings
contain both the types of fibers.

Red Muscles

Muscles, which contain large quantity of myoglobin are
called red muscles. These muscles are also called slow
muscles or slow twitch muscles. Red muscles have
large number of type | fibers. The contraction time is
longer in this type of muscles.

Example: Back muscles and gastrocnemius
muscles.

Pale Muscles

Muscles, which contain less quantity of myoglobin are
called pale muscles or white muscles. These muscles
are also called fast muscles or fast twitch muscles. Pale
muscles have large number of type Il fibers. Contraction
time is shorter in this type of muscles.

Examples: Hand muscles and ocular muscles.

Characteristic features of red and pale muscles are
given in Table 30.1.

B FACTORS AFFECTING FORCE
OF CONTRACTION

Force of contraction of the skeletal muscle is affected by
the following factors:

1. Strength of stimulus

2. Number of stimulus

3. Temperature

4. Load.

1. Effect of Strength of Stimulus

When the muscle is stimulated by stimuli with different
strength (voltage of current), the force of contraction
also differs.

Types of strength of stimulus

Strength of stimulus is of five types:
i. Subminimal or subliminal stimulus: It is less
than minimal strength and does not produce any
response in the muscle if applied once.
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TABLE 30.1: Features of red and pale muscles

Red (slow) muscle Pale (fast) muscle

Type | fibers are more

Myoglobin content is high. So, it is red
Sarcoplasmic reticulum is less extensive
Blood vessels are more extensive
Mitochondria are more in number
Response is slow with long latent period

N o o s 0N =

Contraction is less powerful

This muscle is involved in prolonged and continued
activity as it undergoes sustained contraction

2

Fatigue occurs slowly
10. Depends upon cellular respiration for ATP production

Type |l fibers are more

Myoglobin content is less. So, it is pale
Sarcoplasmic reticulum is more extensive
Blood vessels are less extensive
Mitochondria are less in number
Response is rapid with short latent period
Contraction is more powerful

This muscle is not involved in prolonged and continued
activity as it relaxes immediately

Fatigue occurs quickly
Depends upon glycolysis for ATP production

ii. Minimal stimulus, threshold stimulus or liminal
stimulus: It is the least strength of stimulus at which
minimum force of contraction is produced.

iii. Submaximal stimulus: It is more than minimal and
less than maximal strength of stimulus. It produces
more force of contraction than minimal stimulus.

iv. Maximal stimulus: It produces almost the maximum
force of contraction.

v. Supramaximal stimulus: It produces the maximum
force of contraction. Beyond this, the force of
contraction cannot be increased.

2. Effect of Number of Stimulus

Contractility of the muscle varies, depending upon the
number of stimuli. If a single stimulus is applied, muscle
contracts once (simple muscle twitch). Two or more than
two (multiple) stimuli produce two different effects.

Effects of two successive stimuli

When two stimuli are applied successively to a muscle,
three different effects are noticed depending upon the
interval between the two stimuli (Fig. 30.3):

i. Beneficial effect

ii. Superposition or wave summation

iii. Summation effect.

i. Beneficial Effect

When two successive stimuli are applied to the muscle
in such a way that the second stimulus falls after the
relaxation period of the first curve, two separate curves
are obtained and the force of second contraction is
greater than that of first one. This is called beneficial
effect.

Cause for beneficial effect

During first contraction, the temperature increases.
It decreases the viscosity of muscle. So, the force of
second contraction is more.

ii. Superposition

While applying two successive stimuli, if the second
stimulus falls during relaxation period of first twitch,
two curves are obtained. However, the first curve is
superimposed by the second curve. This is called super-
position or superimposition or incomplete summation.
Here also, the second curve is bigger than the first curve
because of beneficial effect.

iii. Summation

If second stimulus is applied during contraction period, or
during second half of latent period, the two contractions
are summed up and a single curve is obtained. This is
called summation curve or complete summation curve.

Summation curve is different from the simple
muscle curve because, the amplitude of the summation
curve is greater than that of simple muscle curve. This is
due to the summation of two contractions to give rise to
one single curve. Base of the summation curve is also
broader than that of the simple muscle curve.

Effects of multiple stimuli

In a muscle-nerve preparation, the multiple stimuli cause
two types of effects depending upon the frequency of
stimuli:

i. Fatigue

ii. Tetanus.



i. Fatigue
Definition

Fatigue is defined as the decrease in muscular activity
due to repeated stimuli. When stimuli are applied
repeatedly, after some time, the muscle does not show
any response to the stimulus. This condition is called
fatigue.

Fatigue curve

When the effect of repeated stimuli is recorded
continuously, the amplitude of first two or three
contractions increases. It is due to the beneficial effect.
Afterwards, the force of contraction decreases gradually.
It is shown by gradual decrease in the amplitude of
the curves. All the periods are gradually prolonged.
Just before fatigue occurs, the muscle does not relax
completely. It remains in a partially contracted state. This
state is called contracture or contraction remainder
(Fig. 30.4).

Causes for fatigue

a. Exhaustion of acetylcholine in motor endplate

b. Accumulation of metabolites like lactic acid and
phosphoric acid

c. Lack of nutrients like glycogen

d. Lack of oxygen.

Site (seat) of fatigue

In the muscle-nerve preparation of frog, neuromuscular
junction is the first seat of fatigue. It is proved by direct
stimulation of fatigued muscle. Fatigued muscle gives
response if stimulated directly. However, the force of
contraction is less and the contraction is very slow.
Second seat of fatigue is the muscle. And the nerve
cannot be fatigued.

In the intact body, the sites of fatigue are in the
following order:

a. Betz (pyramidal) cells in cerebral cortex

Beneficial effect

Superposition

YN
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b. Anterior gray horn cells (motor neurons) of
spinal cord

c. Neuromuscular junction

d. Muscle.

Recovery of the muscle after fatigue

Fatigue is a reversible phenomenon. Fatigued muscle
recovers (Fig. 30.5) if given rest and nutrition. For this,
the muscle is washed with saline.

Causes of recovery

a. Removal of metabolites

b. Formation of acetylcholine at the neuromuscular

junction

c. Re-establishment of normal polarized state of

the muscle

d. Availability of nutrients

e. Availability of oxygen.

The recovered muscle differs from the fresh resting
muscle by having acid reaction. The fresh resting muscle
is alkaline. But the muscle, recovered from fatigue is
acidic. So it relaxes slowly.

In the intact body, all the processes involved
in recovery are achieved by circulation itself. In
human beings, fatigue is recorded by using Mosso’s
ergograph.

ii. Tetanus

Definition

Tetanus is defined as the sustained contraction of muscle
due to repeated stimuli with high frequency. When the
multiple stimuli are applied at a higher frequency in such
a way that the successive stimuli fall during contraction
period of previous twitch, the muscle remains in state of
tetanus. It relaxes only after the stoppage of stimulus or
when the muscle is fatigued.

Summation

AVA

l zal
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e
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FIGURE 30.3: Effects of two successive stimuli. PS, = Point of first stimulus, PS, = Point of second stimulus.
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Fatigue curve

Contracture
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ey
FIGURE 30.4: Fatigue curve. PS = Point of stimulus.
Recovery
curve
Direct
stimulation

PS

PS

FIGURE 30.5: Recovery curve. PS = Point of stimulus.

Tetanus and genesis of tetanus curves

Genesis of tetanus and tetanus in frog’s muscle is
recorded by using the instrument called vibrating
interruptor. It is used to adjust the frequency of stimuli
as 5, 10, 15, 20, 25, 30 and 35/second. While increasing
the frequency, fusion of contractions increases every
time and finally complete tetanus occurs (Fig. 30.6).
Nowadays, electronic stimulator is used. By using
this instrument, the stimuli with different strength and
frequency are obtained.

When the frequency of stimuli is not sufficient to
cause tetanus, the fusion of contractions is not complete.
It is called incomplete tetanus or clonus.

Frequency of stimuli necessary to cause tetanus
and clonus

In frog gastrocnemius-sciatic preparation, the frequency
of stimuli required to cause tetanus is 40/second and for
clonus it is 35/second.

In gastrocnemius muscle of human being, the
frequency required to cause tetanus is 60/second. And
for clonus, the frequency of stimuli necessary is 55/
second.

Pathological Tetanus

Sustained contraction of muscle due to repeated stimuli
of high frequency is usually called physiological tetanus.
It is distinct from pathological tetanus, which refers to
the spastic contraction of the different muscle groups
in pathological conditions. This disease is caused by
bacillus Clostridium tetani found in the soil, dust and
manure. The bacillus enters the body through a cut,
wound or puncture caused by objects like metal pieces,
metal nails, pins, wood splinters, etc.

This disease affects the nervous system and its
common features are muscle spasm and paralysis.
The first appearing symptom is the spasm of the jaw



muscles resulting in locking of jaw. Therefore, tetanus
is also called lockjaw disease. The manifestations of
tetanus are due to a toxin secreted by the bacteria. If
timely treatment is not provided, the condition becomes
serious and it may even lead to death.

Treppe or Staircase Phenomenon

Treppe or staircase phenomenon is the gradual increase
in force of contraction of muscle when it is stimulated
repeatedly with a maximal strength at a low frequency.
It is due to beneficial effect. Treppe is distinct from
summation of contractions and tetanus.

3. Effect of Variations in Temperature

If the temperature of muscle is altered, the force of
contraction is also affected (Fig. 30.7).

Warm temperature

At warm temperature of about 40°C, the force of muscle
contraction increases and all the periods are shortened
because of the following reasons:
i. Excitability of muscle increases
ii. Chemical processes involved
contraction are accelerated
iii. Viscosity of muscle decreases.

in  muscular

Cold temperature

At cold temperature of about 10°C, the force of contrac-
tion decreases and all the periods are prolonged
because of the following reasons:
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i. Excitability of muscle decreases
ii. Chemical processes are slowed or delayed
ii. Viscosity of the muscle increases.

High or hot temperature — Heat rigor

Athigh temperature above 60°C, the muscle develops heat
rigor. Rigor refers to shortening and stiffening of muscle
fibers. Heat rigor is the rigor that occurs due to increased
temperature. It is an irreversible phenomenon.

Cause of heat rigor is the coagulation of muscle
proteins, actin and myosin.

Other types of rigors

i. Cold rigor: Due to the exposure to severe cold.
It is a reversible phenomenon.
ii. Calciumrigor: Due to increased calcium content.
It is also reversible.
iii. Rigor mortis: Develops after death.

Rigor mortis

Rigor mortis refers to a condition of the body after death,
which is characterized by stiffness of muscles and joints
(Latin word ‘rigor’ means stiff). It occurs due to stoppage
of aerobic respiration, which causes changes in the
muscles.

Cause of rigor mortis

Soon after death, the cell membrane becomes highly
permeable to calcium. So a large number of calcium ions

J\
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5 stimuli/sec

Clonus

10 stimuli/sec
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20 stimuli/sec

Tetanus
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FIGURE 30.6: Genesis of tetanus and tetanus curves
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Heat rigor
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FIGURE 30.7: Effects of variations of temperature

enters the muscle fibers and promotes the formation
of actomyosin complex resulting in contraction of the
muscles.

Few hours after death, all the muscles of body
undergo severe contraction and become rigid. The
joints also become stiff and locked.

Normally for relaxation, the muscle needs to drive out
the calcium, which requires ATP. But during continuous
muscular contraction and other cellular processes after
death, the ATP molecules are completely exhausted.
New ATP molecules cannot be produced because of lack
of oxygen. So in the absence of ATP, the muscles remain
in contracted state until the onset of decomposition.

Medicolegal importance of rigor mortis

Rigor mortis is useful in determining the time of death.
Onset of stiffness starts between 10 minutes and 3
hours after death depending upon condition of the body
and environmental temperature at the time of death. If
the body is active or the environmental temperature is
high at the time of death, the stiffness sets in quickly.

The stiffness develops first in facial muscles and
then spreads to other muscles. The maximum stiffness
occurs around 12 to 24 hours after death. The stiffness
of muscles and joints continues for 1 to 3 days.

Afterwards, the decomposition of the general
tissues starts. Now the lysosomal intracellular hydrolytic
enzymes like cathepsins and calpains are released.
These enzymes hydrolyze the muscle proteins, actin
and myosin resulting in breakdown of actomyosin
complex. It relieves the stiffness of the muscles. This
process is known as resolution of rigor.

4. Effect of Load

Load acting on muscle is of two types:
i. After load
ii. Free load.

After load

After load is the load, that acts on the muscle after the
beginning of muscular contraction. Example of after load
is lifting any object from the ground. The load acts on
muscles of arm only after lifting the object off the ground,
i.e. only after beginning of the muscular contraction.

Free load

Free load is the load, which acts on the muscle freely,
even before the onset of contraction of the muscle. It is
otherwise called fore load. Example of free load is filling
water from a tap by holding the bucket in hand.

Free load Vs after load

Free load is more beneficial (advantageous) since force
of contraction and work done by the muscles are greater
in free-loaded condition than in after-loaded condition. It
is because, in free-loaded condition, the muscle fibers
are stretched and the initial length of muscle fibers is
increased. It facilitates the force of contraction. This is
in accordance with Frank-Starling law.

Frank-Starling law

Frank-Starling law states that the force of contraction is
directly proportional to the initial length of muscle fibers
within physiological limits.

Experiment to prove Frank-Starling law

Frank-Starling law can be proved by using the muscle-
nerve preparation of frog. First, one simple muscle curve
is recorded with 10 g weight in after-loaded condition
of the muscle (Fig. 30.8). Then, many contractions are
recorded by increasing the weight everytime, until the
muscle fails to lift the weight or till the curve becomes
almost flat near the base line. The work done by the
muscle is calculated for every weight (Fig. 30.9).
Effects of increasing the weight in after-loaded
condition are:
i. Force of contraction decreases gradually
ii. Latent period prolongs
iii. Contraction and relaxation periods shorten (Fig.
30.8).
Afterwards, the muscle (with weight added for last
contraction) in after-loaded condition, is brought to the
free-loaded condition and stimulated. Now, the muscle



contracts and a curve is recorded. The work done by the
muscle is calculated.

Work done in free-loaded condition is more than in
after-loaded condition. This proves Frank-Starling law,
i.e. the force of contraction is directly proportional to the
initial length of muscle fiber.

Work done by the muscle

Work done is calculated by the formula:

Work done = W x h
Where, W = Weight lifted by the muscle
h = Height up to which the weight is lifted
‘h’ is determined by the formula
I xH
h =
L
This formula is derived as follows:
AABC = ADEC
BC AB L H
= or =
EC DE I
hxL = IxH
[ x H
h =
L
L = Length between fulcrum and writing point
| = Length between fulcrum and point where weight
is added

H = Height of the curve
h = Height up to which the weight is lifted
So work done by the muscle =

I xH
W x

gcm

Work done is expressed as ergs or g cm.
Optimum load

Optimum load is the load at which the work done by the
muscle is maximum.

B LENGTH-TENSION RELATIONSHIP

Tension or force developed in the muscle during resting
condition and during contraction varies with the length
of the muscle.

Tension developed in the muscle during resting
condition is known as passive tension. Tension
developed in the muscle during isometric contraction is
called total tension.
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FIGURE 30.8: Effect of after load and free load. PS = Point of
stimulus. In free-loaded condition, the force of contraction is
greater than in after-loaded condition with the same weight.

Active Tension

Difference between the passive tension and total
tension at a particular length of the muscle is called
active tension. Active tension is considered as the real
tension that is generated in the muscle during contractile
process. It can be determined by the length-tension
curve.

Length-Tension Curve

Length-tension curve is the curve that determines
the relationship between length of muscle fibers and
the tension developed by the muscle. It is also called
length-force curve. The curve is obtained by using frog
gastrocnemius-sciatic preparation. Muscle is attached
to micrometer on one end and to a force transducer on
other end. Muscle is not allowed to shorten because of
its attachment on both the ends (Fig. 30.10).

A micrometer is used to set length of the muscle
fibers. Force transducer is connected to a polygraph.
Polygraph is used to measure the tension developed by
the muscle during isometric contraction.
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FIGURE 30.9: Work done by the muscle

L = Length between fulcrum and writing point

| = Length between fulcrum and point where weight is
added

H = Height of the curve

h = Height up to which the weight is lifted

W = Weight

To begin with, the minimum length of the muscle
is set by using the micrometer. The passive tension is
determined by using force transducer. Then the muscle
is stimulated and total tension is determined. From these
two values the active tension is calculated. Then the
length of muscle is increased gradually. At every length,
both passive tension and total tension are determined
followed by calculation of active tension. All the values
of active tension at different lengths are plotted to obtain
the length-tension curve (Fig. 30.11). From the curve the
resting length is determined.

Resting Length

Resting length is the length of the muscle at which the
active tension is maximum. Active tension is proportional
to the length of the muscle up to resting length. Beyond
resting length, the active tension decreases.

Tension Vs Overlap of Myofilaments

Length-tension relationship is explained on the basis of
sliding of actin filaments over the myosin filaments during
muscular contraction. The active tension is proportional
to overlap between actin and myosin filaments in the
sarcomere and the number of cross bridges formed
between actin and myosin filaments. When the length
of the muscle is less than the resting length, there is
increase in the overlap between the actin and myosin
filaments and the number of cross bridges. The active

tension gradually increases up to the resting length.
During stretching of the muscle beyond resting length,
there is reduction in the overlap between the actin and
myosin filaments and the number of cross bridges.
And the active tension starts declining beyond resting
length.

B REFRACTORY PERIOD

Refractory period is the period at which the muscle
does not show any response to a stimulus. It is because
already one action potential is in progress in the muscle
during this period. The muscle is unexcitable to further
stimulation until it is repolarized.
Refractory period is of two types.
1. Absolute refractory period
2. Relative refractory period

1. Absolute Refractory Period

Absolute refractory period is the period during which the
muscle does not show any response at all, whatever
may be the strength of stimulus.

1]

Micrometer

To stimulator

Force
transducer

To polygraph

FIGURE 30.10: Experimental setup to measure the tension
developed in the muscle
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2. Relative Refractory Period

Relative refractory period is the period, during which the
muscle shows some response if the strength of stimulus
is increased to maximum.

Refractory Period in Skeletal Muscle

In skeletal muscle, whole of the latent period is refractory
period. The absolute refractory period falls during first
half of latent period (0.005 sec). And, relative refractory
period extends during second half of latent period (0.005
sec). Totally, it is 0.01 sec.

Refractory Period in Cardiac Muscle

In cardiac muscle, absolute refractory period extends
throughout contraction period (0.27 sec). And, relative
refractory period extends during first half of relaxation
period (about 0.26 sec). Totally it is about 0.53 sec.
Thus, the refractory period in cardiac muscle is very
long compared to that of skeletal muscle.
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Significance of long refractory period in cardiac muscle

Because of the long refractory period, cardiac muscle
does not show:

i. Complete summation of contractions

ii. Fatigue

iii. Tetanus.

B MUSCLE TONE
B DEFINITION

Muscle tone is defined as continuous and partial
contraction of the muscles with certain degree of vigor
and tension. More details on muscle tone are given in
Chapter 157.

B MAINTENANCE OF MUSCLE TONE

In Skeletal Muscle

Maintenance of tone in skeletal muscle is neurogenic. It
is due to continuous discharge of impulses from gamma
motor neurons in anterior gray horn of spinal cord. The
gamma motor neurons in spinal cord are controlled by
higher centers in brain (Chapter 157).

In Cardiac Muscle

In cardiac muscle, maintenance of tone is purely
myogenic, i.e. the muscles themselves control the
tone. The tone is not under nervous control in cardiac
muscle.

In Smooth Muscle

In smooth muscle, tone is myogenic. It depends upon
calcium level and number of cross bridges.

B APPLIED PHYSIOLOGY — ABNORMALITIES
OF MUSCLE TONE

Abnormalities of muscle tone are:
1. Hypertonia
2. Hypotonia
3. Myotonia.
Refer Chapter 34 for details.
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The muscle contracts when it is stimulated. Contraction
of the muscle is a physical or mechanical event. In addi-
tion, several other changes occur in the muscle.
Changes taking place during muscular contraction:
Electrical changes

Physical changes

Histological (molecular) changes

Chemical changes

Thermal changes.
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B ELECTRICAL CHANGES DURING
MUSCULAR CONTRACTION

Electrical events occur in the muscle during resting
condition as well as active conditions. Electrical potential

in the muscle during resting condition is called resting
membrane potential.

Electrical changes that occur in active conditions,
i.e. when the muscle is stimulated are together called
action potential.

Electrical potentials in a muscle (or any living tissue)
are measured by using a cathode ray oscilloscope or
computerized polygraph.

B RESTING MEMBRANE POTENTIAL

Resting membrane potential is defined as the electrical
potential difference (voltage) across the cell membrane
(between inside and outside of the cell) under resting
condition.

Itis also called membrane potential, transmembrane
potential, transmembrane potential difference or trans-
membrane potential gradient.
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When two electrodes are connected to a cathode
ray oscilloscope through a suitable amplifier and placed
over the surface of the muscle fiber, there is no potential
difference, i.e. there is zero potential difference. But,
if one of the electrodes is inserted into the interior of
muscle fiber, potential difference is observed across the
sarcolemma (cell membrane). There is negativity inside
and positivity outside the muscle fiber. This potential
difference is constant and is called resting membrane
potential. The condition of the muscle during resting mem-
brane potential is called polarized state. In human
skeletal muscle, the resting membrane potential is
-90 mV.

lonic Basis of Resting Membrane Potential

Development and maintenance of resting membrane
potential in a muscle fiber or a neuron are carried out by
movement of ions, which produce ionic imbalance across
the cell membrane. This results in the development of
more positivity outside and more negativity inside the cell.
lonic imbalance is produced by two factors:
1. Sodium-potassium pump
2. Selective permeability of cell membrane.

1. Sodium-potassium pump

Sodium and potassium ions are actively transported in
opposite directions across the cell membrane by means
of an electrogenic pump called sodium-potassium
pump. It moves three sodium ions out of the cell and
two potassium ions inside the cell by using energy from
ATP. Since more positive ions (cations) are pumped
outside than inside, a net deficit of positive ions occurs
inside the cell. It leads to negativity inside and positivity
outside the cell (Fig. 31.1). More details of this pump are
given in Chapter 3.

2. Selective permeability of cell membrane

Permeability of cell membrane depends largely on the
transport channels. The transport channels are selec-
tive for the movement of some specific ions. Their
permeability to these ions also varies. Most of the chan-
nels are gated channels and the specific ions can move
across the membrane only when these gated channels
are opened.

Two types of channels are involved:

i. Channels for major anions like proteins

ii. Leak channels.

i. Channels for major anions (negatively charged
substances) like proteins

Channels for some of the negatively charged large subs-
tances such as proteins, organic phosphate and sulfate
compounds are absent or closed. So, such substances
remain inside the cell and play a major role in the

development and maintenance of negativity inside the
cell (resting membrane potential).

ii. Leak channels

Leak channels are the passive channels, which maintain
the resting membrane potential by allowing movement
of positive ions (Na* and K*) across the cell membrane.

Three important ions, sodium, chloride and
potassium are unequally distributed across the cell
membrane. Na* and CI- are more outside and K* is
more inside.

Since, CI- channels are mostly closed in resting
conditions CI- are retained outside the cell. Thus, only
the positive ions, Na* and K* can move across the cell
membrane.

Na*is actively transported (against the concentration
gradient) out of cell and K* is actively transported (against
the concentration gradient) into the cell. However,
because of concentration gradient, Na* diffuses back
into the cell through Na* leak channels and K* diffuses
out of the cell through K* leak channels.

In resting conditions, almost all the K* leak
channels are opened but most of the Na* leak channels
are closed. Because of this, K*, which are transported
actively into the cell, can diffuse back out of the cell in
an attempt to maintain the concentration equilibrium.
But among the Na+, which are transported actively out
of the cell, only a small amount can diffuse back into
the cell. That means, in resting conditions, the passive
K* efflux is much greater than the passive Na* influx.
It helps in establishing and maintaining the resting
membrane potential.

After establishment of the resting membrane
potential (i.e. inside negativity and outside positivity),
the efflux of K* stops in spite of concentration gradient.

It is because of two reasons:

i. Positivity outside the cell repels positive K+ and
prevents further efflux of these ions

ii. Negativity inside the cell attracts positive K+ and

prevents further leakage of these ions outside.

Importance of intracellular potassium ions

Concentration of K* inside the cell is about 140 mEg/L. It
is almost equal to that of Na* outside. The high concen-
tration of K* inside the cell is essential to check the
negativity. Normally, the negativity (resting membrane
potential) inside the muscle fiber is =90 mV and in a
nerve fiber, it is =70 mV. It is because of the presence
of negatively charged proteins, organic phosphates and
sulfates, which cannot move out normally. Suppose if the
K* is not present or decreased, the negativity increases
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FIGURE 31.1: Development of resting membrane potential by sodium-potassium (Na*-K*) pump and diffusion of ions. Na*-K*
pump actively pumps three Na* outside and two K* into the cell. However, the diffusion of K* out of the cell is many times greater
than the diffusion of Na* inside the cell because many of the K* leak channels are opened and many of the Na* leak channels

are closed.

beyond —120 mV, which is called hyperpolarization. At
this stage, the development of action potential is either
delayed or does not occur.

B ACTION POTENTIAL

Action potential is defined as a series of electrical
changes that occur in the membrane potential when the
muscle or nerve is stimulated.

Action potential occurs in two phases:
1. Depolarization
2. Repolarization.

Depolarization

Depolarization is the initial phase of action potential
in which inside of the muscle becomes positive and
outside becomes negative. That is, the polarized state
(resting membrane potential) is abolished resulting in
depolarization.

Repolarization

Repolarization is the phase of action potential in which
the muscle reverses back to the resting membrane
potential. That is, within a short time after depolarization
the inside of muscle becomes negative and outside
becomes positive. So, the polarized state of the muscle
is re-established.

Properties of Action Potential

Properties of action potential are listed in Table 31.1.

B ACTION POTENTIAL CURVE

Action potential curve is the graphical registration of
electrical activity that occurs in an excitable tissue
such as muscle after stimulation. It shows three major
parts:
1. Latent period
2. Depolarization
3. Repolarization.

Resting membrane potential in skeletal muscle is
—-90 mV and it is recorded as a straight baseline (Fig.
31.2).

1. Latent Period

Latent period is the period when no change occurs in
the electrical potential immediately after applying the
stimulus. It is a very short period with duration of 0.5 to
1 millisecond.

Stimulus artifact

When a stimulus is applied, there is a slight irregular
deflection of baseline for a very short period. This is
called stimulus artifact. The artifact occurs because of
the disturbance in the muscle due to leakage of current
from stimulating electrode to the recording electrode.
The stimulus artifact is followed by latent period.

2. Depolarization

Depolarization starts after the latent period. Initially, it is
very slow and the muscle is depolarized for about 15 mV.
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Firing level and depolarization

After the initial slow depolarization for 15 mV (up to -75
mV), the rate of depolarization increases suddenly. The
point at which, the depolarization increases suddenly is
called firing level.

Overshoot

From firing level, the curve reaches isoelectric potential
(zero potential) rapidly and then shoots up (overshoots)
beyond the zero potential (isoelectric base) up to +55
mV. It is called overshoot.

3. Repolarization

When depolarization is completed (+55 mV), the
repolarization starts. Initially, the repolarization occurs
rapidly and then it becomes slow.

Spike potential

Rapid rise in depolarization and the rapid fall in
repolarization are together called spike potential. It lasts
for 0.4 millisecond.

After depolarization or negative after potential

Rapid fall in repolarization is followed by a slow re-
polarization. It is called after depolarization or negative
after potential. Its duration is 2 to 4 milliseconds.

After hyperpolarization or positive after potential

After reaching the resting level (<90 mV), it becomes
more negative beyond resting level. This is called after
hyperpolarization or positive after potential. This lasts
for more than 50 milliseconds. After this, the normal
resting membrane potential is restored slowly.

lonic Basis of Action Potential

Voltage gated Na* channels and the voltage gated K*
channels play important role in the development of
action potential.

During the onset of depolarization, voltage gated
sodium channels open and there is slow influx of Na*.
When depolarization reaches 7 to 10 mV, the voltage
gated Na* channels start opening at a faster rate. It is
called Na* channel activation. When the firing level is
reached, the influx of Na* is very great and it leads to
overshoot.

But the Na* transport is short lived. It is because
of rapid inactivation of Na* channels. Thus, the Na*
channels open and close quickly. At the same time, the
K* channels start opening. This leads to efflux of K* out
of the cell, causing repolarization.

Unlike the Na* channels, the K* channels remain
open for longer duration. These channels remain
opened for few more milliseconds after completion of
repolarization. It causes efflux of more number of K*
producing more negativity inside. It is the cause for
hyperpolarization.
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FIGURE 31.2: Action potential in a skeletal muscle

A = Opening of few Na* channels

B = Opening of many Na* channels

C = Closure of Na* channels and opening
of K* channels

D = Closure of K* channels
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B MONOPHASIC, BIPHASIC AND COMPOUND
ACTION POTENTIALS

Monophasic Action Potential

Monophasic action potential is the series of electrical
changes that occur in a stimulated muscle or nerve
fiber, which is recorded by placing one electrode on its
surface and the other inside. It is characterized by a
positive deflection. The action potential in the muscle
discussed above belongs to this category.

Biphasic Action Potential

Biphasic or diphasic action potential is the series of
electrical changes in a stimulated muscle or nerve
fiber, which is recorded by placing both the recording
electrodes on the surface of the muscle or nerve fiber. It
is characterized by a positive deflection followed by an
isoelectric pause and a negative deflection.

Recording of biphasic action potential

Biphasic action potential is recorded by extracellular
electrodes, i.e. by placing both the recording electrodes
on the surface of a nerve fiber or muscle. Figure 31.3
explains the biphasic action potential in an axon.
Sequence of events of biphasic action potential:

1. In resting state before stimulation, the potential
difference between the two electrodes is zero. So
the recording shows a baseline (Fig. 31.3A).

2. When the axon is stimulated at one end, the action
potential (impulse) is generated and it travels
towards the other end of an axon by passing
through the recording electrodes. When the impulse
reaches first electrode, the membrane under this
electrode becomes depolarized (outside negative)
but the membrane under second electrode is still
in polarized state (outside positive). By convention,
this is graphically recorded as an upward deflection
(Fig. 31.3B).

3. When the impulse crosses and travels away from the
first electrode, the membrane under this electrode
is repolarized. Later when the impulse just travels
in between the two electrodes (before reaching the
second electrode) the potential difference between
both the electrode falls to zero and the baseline is
recorded (Fig. 31.3C)

4. When the impulse reaches the second electrode,
the membrane under this electrode is depolarized
(outside negative) and a negative deflection is
recorded (Fig. 31.3D).

5. When the impulse travels away from second
electrode, the membrane under this gets repolarized.
Once again the potential difference between the two

electrodes becomes zero and the graph shows the
baseline (Fig. 31.3E). Since this recording shows
both positive and negative components it is called
biphasic action potential.

Effect of crushing or local anesthetics

When a small portion of axon between the two electrodes
is affected by crushing or local anesthetics, the action
potential cannot travel through this part of the axon. So,
while recording the potential only a single deflection
(monophasic) action potential is recorded (Fig. 31.4).

Second
electrode

First
electrode
N,

FIGURE 31.3: Biphasic action potential in an axon recorded
by placing both the electrodes outside the axon

A = Resting state — zero potential

B = Depolarization of membrane under first electrode

C = Repolarization of membrane under first electrode
followed by zero potential

D = Depolarization of membrane under second electrode

E = Repolarization of membrane under second electrode
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FIGURE 31.4: Monophasic action potential in a crushed axon

Compound Action Potential

Compound action potential (CAP) is the algebraic
summation of all the action potentials produced by all
the nerve fibers. Each nerve is made up of thousands of
axons. While stimulating the whole nerve, all the nerve
fibers are activated and produce action potential. The
compound action potential is obtained by recording all
the action potentials simultaneously.

B GRADED POTENTIAL

Graded potential is a mild local change in the membrane
potential that develops in receptors, synapse or neuro-
muscular junction when stimulated. It is also called
graded membrane potential, graded depolarization or
local potential. It is non-propagative and characterized by
mild depolarization or hyperpolarization. Graded poten-
tial is distinct from the action potential and the properties
of these two potentials are given in table 31.1.

In most of the cases, the graded potential is
responsible for the generation of action potential. How-
ever, in some cases the graded potential hyperpolarizes
the membrane potential (more negativity than resting
membrane potential) and inhibits the generation of action
potential (as in inhibitory synapses: Chapter 140).

Different Graded potentials

1. End plate potential
(Chapter 32)
Electronic potential in nerve fibers (Chapter 136)
Receptor potential (Chapter 139)

Excitatory postsynaptic potential (Chapter 140)
Inhibitory postsynaptic potential (Chapter 140).

in  neuromuscular junction

ohrhowbd

B PATCH-CLAMP TECHNIQUE

Patch-clamp technique or patch clamping is the method
to measure the ion currents across the biological
membranes. This advanced technique in modern
electrophysiology was established by Erwin Neher
in 1992. Patch clamp is modified as voltage clamp to

TABLE 31.1: Properties of action potential
and graded potential

Action Potential Graded potential

Propagative Non-propagative
Long-distance signal Short-distance signal

Both depolarization and
repolarization

Only depolarization or

hyperpolarization
Obeys all-or-none law Does not obey all-or-none law
Summation is not possible Summation is possible

Has refractory period No refractory period

study the ion currents across the membrane of neuron
(Chapter 136).

Procedure

Patch-clamp experiments use mostly the cultured cells.
The cells isolated from the body are placed in dishes
containing culture media and kept in an incubator.

Probing a single cell

The dish with tissue culture cells is mounted on a
microscope. A micropipette with an opening of about
0.5 pis also mounted by means of a pipette holder. The
pipette is filled with saline solution. An electrode is fitted
to the pipette and connected to a recording device called
patch-clamp amplifier. The micropipette is pressed firmly
against the membrane of an intact cell. A gentle suction
applied to the inside of the pipette forms a tight seal of
giga ohms (GQ) resistance between the membrane and
the pipette.

This patch (minute part) of the cell membrane under
the pipette is studied by means of various approaches
called patch-clamp configurations (Fig. 31.5).

Patch-clamp Configurations
1. Cell-attached patch

The cell is left intact with its membrane. This allows
measurement of current flow through ion channel or
channels under the micropipette (Fig. 31.5 A).

2. Inside-out patch

From the cell-attached configuration, the pipette is gently
pulled away from the cell. It causes the detachment of
a small portion of membrane from the cell. The external
surface of the membrane patch faces pipette solution.
But internal surface of the membrane patch is exposed
out hence the name inside-out patch (Fig. 31.5 B).
Pipette with membrane patch is inserted into a
container with free solution. Concentration of ions can
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FIGURE 31.5: Patch-clamp configurations

be altered in the free solution. It is used to study the
effect of alterations in the ion concentrations on the ion
channels.

3. Whole-cell patch

From the cell-attached configuration, further suction is
applied to the inside of the pipette. It causes rupture
of the membrane and the pipette solution starts mixing
with intracellular fluid. When the mixing is complete, the
equilibrium is obtained between the pipette solution and
the intracellular fluid (Fig. 31.5 C).

Whole-cell patch is used to record the current flow
through all the ion channels in the cell. The cellular
activity also can be studied directly.

4. Outside-out patch

From the whole-cell configuration the pipette is gently
pulled away from the cell. A portion of membrane is torn
away from the cell. Immediately, the free ends of the
torn membrane fuse and reseal forming a membrane
vesicle at tip of the pipette. The pipette solution enters
the membrane vesicle and forms the intracellular fluid.
The vesicle is placed inside a bath solution, which forms
the extracellular environment (Fig. 31.5D).

This patch is used to study the effect of changes
in the extracellular environment on the ion channels. It

also helps to study the effects of neurotransmitters and
compounds like ozone, G-protein regulators, etc. on the
ion channels.

B PHYSICAL CHANGES DURING
MUSCULAR CONTRACTION

Physical change, which takes place during muscular
contraction, is the change in length of the muscle fibers or
change in tension developed in the muscle. Depending
upon this, the muscular contraction is classified into
two types namely isotonic contraction and isometric
contraction (refer previous chapter).

B HISTOLOGICAL CHANGES DURING
MUSCULAR CONTRACTION

B ACTOMYOSIN COMPLEX

In relaxed state of the muscle, the thin actin filaments
from opposite ends of sarcomere are away from each
other leaving a broad ‘H’ zone.

During contraction of the muscle, actin (thin)
filaments glide over myosin (thick) filaments and form
actomyosin complex.

B MOLECULAR BASIS OF
MUSCULAR CONTRACTION

Molecular mechanism is responsible for formation of
actomyosin complex that results in muscular contraction.
It includes three stages:

1. Excitation-contraction coupling.

2. Role of troponin and tropomyosin.

3. Sliding mechanism.

1. Excitation-contraction Coupling

Excitation-contraction coupling is the process that
occurs in between the excitation and contraction of the
muscle. This process involves series of activities, which
are responsible for the contraction of excited muscle.

Stages of excitation-contraction coupling

When a muscle is excited (stimulated) by the impulses
passing through motor nerve and neuromuscular junc-
tion, action potential is generated in the muscle fiber.

Action potential spreads over sarcolemma and also
into the muscle fiber through the ‘T’ tubules. The ‘T’
tubules are responsible for the rapid spread of action
potential into the muscle fiber. When the action potential
reaches the cisternae of ‘L’ tubules, these cisternae are
excited. Now, the calcium ions stored in the cisternae
are released into the sarcoplasm (Fig. 31.6). The cal-
cium ions from the sarcoplasm move towards the actin
filaments to produce the contraction.
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Excitation of muscle fibers by impulses passing
through motor nerve and neuromuscular junction

v

Generation of action potential in muscle fiber

v

Spread of action potential via 'T' tubules

v

Entrance of action potential in cisternae

v

Release of calcium ions from cisternae

v

Movement of calcium ions towards actin filaments

v

Contraction of the muscle fibers

FIGURE 31.6: Excitation-contraction coupling

Thus, the calcium ion forms the link or coupling
material between the excitation and the contraction of
muscle. Hence, the calcium ions are said to form the
basis of excitation-contraction coupling.

Stage 1

_ Actin filament

™~ Mvosin filament

2. Role of Troponin and Tropomyosin

Normally, the head of myosin molecules has a strong
tendency to get attached with active site of F actin.
However, in relaxed condition, the active site of F actin
is covered by the tropomyosin. Therefore, the myosin
head cannot combine with actin molecule.

Large number of calcium ions, which are released
from ‘L’ tubules during the excitation of the muscle, bind
with troponin C. The loading of troponin C with calcium
ions produces some change in the position of troponin
molecule. Itin turn, pulls tropomyosin molecule away from
F actin. Due to the movement of tropomyosin, the active
site of F actin is uncovered and exposed. Immediately
the head of myosin gets attached to the actin.

3. Sliding Mechanism and Formation of
Actomyosin Complex — Sliding Theory

Sliding theory explains how the actin filaments slide
over myosin filaments and form the actomyosin complex
during muscular contraction. It is also called ratchet
theory or walk along theory.

Each cross bridge from the myosin filaments has
got three components namely, a hinge, an arm and a
head.

After binding with active site of F actin, the myosin
head is tilted towards the arm so that the actin filament
is dragged along with it (Fig. 31.7). This tilting of head is
called power stroke. After tilting, the head immediately
breaks away from the active site and returns to the
original position. Now, it combines with a new active
site on the actin molecule. And, tilting movement occurs
again. Thus, the head of cross bridge bends back and
forth and pulls the actin filament towards the center of
sarcomere. In this way, all the actin filaments of both the
ends of sarcomere are pulled. So, the actin filaments of

Stage 2

FIGURE 31.7: Diagram showing power stroke by myosin head.
Stage 1: Myosin head binds with actin; Stage 2: Tilting of myosin head (power stroke) drags the actin filament.
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Release of large amount of calcium ions
from cisternae of 'L' tubules }
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Binding of calcium ions with troponin
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Change in position of troponin
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Pulling of tropomyosin molecule
away from F actin J
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Exposure of active sites of F actin

l

Attachment of myosin head to actin
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Power stroke — tilting of myosin head
and dragging of actin filament J
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Detachment of myosin head and
returning to original position J

.
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l

Attachment of myosin head to new
active site of F actin and dragging of actin
filament — repetition of these actions

Movement of actin filaments of both
sides towards each other and formation
of actomyosin complex

Contraction of muscle

FIGURE 31.8: Sliding mechanism

opposite sides overlap and form actomyosin complex.
Formation of actomyosin complex results in contraction
of the muscle.

When the muscle shortens further, the actin
filaments from opposite ends of the sarcomere approach
each other. So, the ‘H’ zone becomes narrow. And, the
two ‘Z’ lines come closer with reduction in length of
the sarcomere. However, the length of ‘A" band is not
altered. But, the length of ‘I’ band decreases.

When the muscular contraction becomes severe,
the actin filaments from opposite ends overlap and the
‘H’ zone disappears.

Changes in sarcomere during muscular contraction

Thus, changes that take place in sarcomere during
muscular contraction are:
1. Length of all the sarcomeres decreases as the ‘Z’
lines come close to each other
2. Length of the ‘I' band decreases since the actin
filaments from opposite side overlap
3. 'H’ zone either decreases or disappears
4. Length of ‘A’ band remains the same.
Summary of sequence of events during muscular
contraction is given in Figure 31.8.

Energy for Muscular Contraction

Energy for movement of myosin head (power stroke)
is obtained by breakdown of adenosine triphosphate
(ATP) into adenosine diphosphate (ADP) and inorganic
phosphate (Pi).

Head of myosin has a site for ATP. Actually the head
itself can act as the enzyme ATPase and catalyze the
breakdown of ATP. Even before the onset of contraction,
an ATP molecule binds with myosin head.

When tropomyosin moves to expose the active
sites, the head is attached to the active site. Now
ATPase cleaves ATP into ADP and Pi, which remains in
head itself. The energy released during this process is
utilized for contraction.

When head is tilted, the ADP and Pi are released
and a new ATP molecule binds with head. This process
is repeated until the muscular contraction is completed.

Relaxation of the Muscle

Relaxation of the muscle occurs when the calcium ions
are pumped back into the L tubules. When calcium
ions enter the L tubules, calcium content in sarcoplasm
decreases leading to the release of calcium ions from
the troponin. It causes detachment of myosin from
actin followed by relaxation of the muscle (Fig. 31.9).
The detachment of myosin from actin obtains energy
from breakdown of ATP. Thus, the chemical process of
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Pumping of calcium ions into ‘L' tubules

}

Decrease in sarcoplasmic calcium content

}

Release of calcium ions from troponin C

|

Detachment of myosin head from F actin

|

Muscular relaxation

FIGURE 31.9: Sequence of events during
muscular relaxation

muscular relaxation is an active process although the
physical process is said to be passive.

Molecular Motors

Along with other proteins and some enzymes, actin and
myosin form the molecular motors, which are involved
in movements. Refer Chapter 3 for details.

B CHEMICAL CHANGES DURING
MUSCULAR CONTRACTION

B LIBERATION OF ENERGY

Energy necessary for muscular contraction is liberated
during the processes of breakdown and resynthesis of
ATP.

Breakdown of ATP

During muscular contraction, the supply of energy is
from the breakdown of ATP. This is broken into ADP and
inorganic phosphate (Pi) and energy is liberated.
ATP — ADP + Pi
1
Energy
Energy liberated by breakdown of ATP is responsible
for the following activities during muscular contraction:
1. Spread of action potential into the muscle
2. Liberation of calcium ions from cisternae of ‘L’
tubules into the sarcoplasm
3. Movements of myosin head
4. Sliding mechanism.

Energy liberated during ATP breakdown is sufficient
for maintaining full contraction of the muscle for a short
duration of less than one second.

Resynthesis of ATP

Adenosine diphosphate, which is formed during ATP
breakdown, is immediately utilized for the resynthesis
of ATP. But, for the resynthesis of ATP, the ADP cannot
combine with Pi. It should combine with a high-energy
phosphate radical. There are two sources from which
the high-energy phosphate is obtained namely, creatine
phosphate and carbohydrate metabolism.

Resynthesis of ATP from creatine phosphate

Immediate supply of high-energy phosphate radical
is from the creatine phosphate (CP). Plenty of CP
is available in resting muscle. In the presence of the
enzyme creatine phosphotransferase, high-energy
phosphate is released from creatine phosphate. The
reaction is called Lohmann’s reaction.

ADP + CP — ATP + Creatine

Energy produced in this reaction is sufficient to
maintain muscular contraction only for few seconds.
Creatine should be resynthesized into creatine phos-
phate and this requires the presence of high-energy
phosphate. So, the required amount of high-energy
phosphate radicals is provided by the carbohydrate
metabolism in the muscle.

Resynthesis of ATP by carbohydrate metabolism

Carbohydrate metabolism starts with catabolic reactions
of glycogenin the muscle. Inresting muscle, an adequate
amount of glycogen is stored in sarcoplasm.

Each molecule of glycogen undergoes catabolism, to
produce ATP. The energy liberated during the catabolism
of glycogen can cause muscular contraction for a longer
period. The first stage of catabolism of glycogen is via
glycolysis. It is called glycolytic pathway or Embden-
Meyerhof pathway (Fig. 31.10).

Glycolysis

Each glycogen molecule is converted into 2 pyruvic acid
molecules. Only small amount of ATP (2 molecules) is
synthesized in this pathway.

This pathway has 10 steps. Each step is catalyzed
by one or two enzymes as shown in Figure 31.10.

During glycolysis, 4 hydrogen atoms are released
which are also utilized for formation of additional
molecules of ATP. Formation of ATP by the utilization of
hydrogen is explained later.

Further changes in pyruvic acid depend upon the
availability of oxygen. In the absence of oxygen, the
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pyruvic acid is converted into lactic acid that enters the
Cori cycle. Itis known as anerobic glycolysis. If oxygen
is available, the pyruvic acid enters into Krebs cycle. It
is known as aerobic glycolysis.

Cori cycle

Lactic acid is transported to liver where it is converted
into glycogen and stored there. If necessary, glycogen
breaks into glucose, which is carried by blood to muscle.
Here, the glucose is converted into glycogen, which
enters the Embden-Meyerhof pathway (Figs 31.11 and
31.12).

Krebs cycle

Krebs cycle is otherwise known as tricarboxylic acid
cycle (TCA cycle) or citric acid cycle. A greater amount
of energy is liberated through this cycle. The pyruvic acid
derived from glycolysis is taken into mitochondria where
it is converted into acetyl coenzyme A with release of
4 hydrogen atoms. The acetyl coenzyme A enters the
Krebs cycle.

Krebs cycle is a series of reactions by which acetyl
coenzyme Ais degraded in various steps to form carbon

Glycogen

1

Glucose 1-phosphate

ATP » |1 > ADP
Glucose 6-phosphate —
Wt
Fructose 6-phosphate
ATP > 11 » ADP

Fructose 1,6-biphosphate
—r

Glyceraldehyde-3-phosphate (2 molecules)

1,3-diphosphoglyceric acid (2 molecules)
2 ADP WE >
3-phosphoglyceric acid (2 molecules)

2ATP

2-phosphoglyceric acid (2 molecules)

Phosphoenol pyruvic acid (2 molecules)
2 ADP > 11 .
Pyruvic acid (2 molecules)

2ATP

FIGURE 31.10: Glycolysis’fEmbden-Meyerhof pathway
Number of ATP molecules formed in this pathway:

Total ATP formed = 4 molecules
Loss of ATP during phosphorylation = 2 molecules
Net ATP formed during glycolysis = 2 molecules
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FIGURE 31.11: Cori cycle
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FIGURE 31.12: Schematic diagram showing carbohydrate
metabolism in muscle

dioxide and hydrogen atoms. All these reactions occur
in the matrix of mitochondrion. During Krebs cycle, 2
molecules of ATP and 16 atoms of hydrogen are relea-
sed. Hydrogen atoms are also utilized for the formation
of ATP (see below).

Significance of Hydrogen Atoms Released
during Carbohydrate Metabolism

Altogether 24 hydrogen atoms are released during
glycolysis and Krebs cycle:
4H : During breakdown of glycogen into pyruvic

acid
4H : During formation of acetyl coenzyme A from
pyruvic acid
16H : During degradation of acetyl coenzyme A in
Krebs cycle.
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Hydrogen atoms are released in the form of two
pockets into intracellular fluid and it is catalyzed by the
enzyme dehydrogenase. Once released, 20 hydrogen
atoms combine with nicotinamide adenine dinucleotide
(NAD), which acts as hydrogen carrier. NAD transfers
the hydrogen atoms to the cytochrome system where
oxidative phosphorylation takes place. Oxidative phos-
phorylation is the process during which the ATP mole-
cules are formed by utilizing hydrogen atoms.

For every 2 hydrogen atoms 3 molecules of ATP
are formed. So, from 20 hydrogen atoms 30 molecules
of ATP are formed. Remaining 4 hydrogen atoms enter
the oxidative phosphorylation processes directly without
combining with NAD. Only 2 ATP molecules are formed
for every 2 hydrogen atoms. So, 4 hydrogen atoms
give rise to 4 ATP molecules. Thus, 34 ATP molecules
are formed from the hydrogen atoms released during
glycolysis and Krebs cycle.

Summary of Resynthesis of ATP during
Carbohydrate Metabolism

Atotal of 38 ATP molecules are formed during breakdown
of each glycogen molecule in the muscle as summarized
below:

During glycolysis 2 molecules of ATP
During Krebs cycle 2 molecules of ATP

By utilization of hydrogen : 34 molecules of ATP

Total : 38 molecules of ATP

B CHANGES IN pH DURING
MUSCULAR CONTRACTION

Reaction and the pH of muscle are altered in different
stages of muscular contraction.

In Resting Condition

During resting condition, the reaction of muscle is
alkaline with a pH of 7.3.

During Onset of Contraction

Atthe beginning of the muscular contraction, the reaction
becomes acidic. The acidity is due to dephosphorylation
of ATP into ADP and Pi.

During Later Part of Contraction

During the later part of contraction, the muscle becomes
alkaline. It is due to the resynthesis of ATP from CP.

At the End of Contraction

At the end of contraction, the muscle becomes once
again acidic. This acidity is due to the formation of
pyruvic acid and/or lactic acid.

B THERMAL CHANGES DURING MUSCULAR
CONTRACTION

During muscular contraction, heat is produced. Not all
the heat is liberated at a time. It is released in different
stages:

1. Resting heat

2. Initial heat

3. Recovery heat.

B RESTING HEAT

Heat produced in the muscle at rest is called the resting
heat. It is due to the basal metabolic process in the
muscle.

B INITIAL HEAT

During muscular activity, heat production occurs in three
stages:

i. Heat of activation

ii. Heat of shortening

ii. Heat of relaxation.

i. Heat of Activation

Heat of activation is the heat produced before the actual
shortening of the muscle fibers. Most of this heat is
produced during the release of calcium ions from ‘L’
tubules. It is also called maintenance heat.

ii. Heat of Shortening

Heat of shorteningisthe heat produced during contraction
of muscle. The heat is produced due to various structural
changes in the muscle fiber like movements of cross
bridges and myosin heads and breakdown of glycogen.

iii. Heat of Relaxation

Heat released during relaxation of the muscle is known
as the heat of relaxation. In fact, it is the heat produced
during the contraction of muscle due to breakdown of
ATP molecule. It is released when the muscle lengthens
during relaxation.

B RECOVERY HEAT

Recovery heat is the heat produced in the muscle
after the end of activities. After the end of muscular
activities, some amount of heat is produced due to the
chemical processes involved in resynthesis of chemical
substances broken down during contraction.
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B DEFINITION AND STRUCTURE

B DEFINITION

Neuromuscular junction is the junction between terminal
branch of the nerve fiber and muscle fiber.

B STRUCTURE

Skeletal muscle fibers are innervated by the motor
nerve fibers. Each nerve fiber (axon) divides into many
terminal branches. Each terminal branch innervates
one muscle fiber through the neuromuscular junction
(Fig. 32.1).

Axon Terminal and Motor Endplate

Terminal branch of nerve fiber is called axon terminal.
When the axon comes close to muscle fiber, it loses
the myelin sheath. So, the axis cylinder is exposed.

This portion of the axis cylinder is expanded like a bulb,
which is called motor endplate.

Axon terminal contains mitochondria and synaptic
vesicles. Synaptic vesicles contain the neurotransmitter
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FIGURE 32.1: Longitudinal section of neuromuscular junction



substance, acetylcholine (Ach). The Ach is synthesized
by mitochondria present in the axon terminal and stored
in the vesicles. Mitochondria contain ATP, which is the
source of energy for the synthesis of acetylcholine.

Synaptic Trough or Gutter

Motor endplate invaginates inside the muscle fiber and
forms a depression, which is known as synaptic trough
or synaptic gutter. The membrane of the muscle fiber
below the motor endplate is thickened.

Synaptic Cleft

Membrane of the nerve ending is called the presynaptic
membrane. Membrane of the muscle fiber is called
postsynaptic membrane. Space between these two
membranes is called synaptic cleft.

Synaptic cleft contains basal lamina. Itis a thin layer
of spongy reticular matrix through which, the extracellular
fluid diffuses. An enzyme called acetylcholinesterase
(AchE) is attached to the matrix of basal lamina, in large
quantities.

Subneural Clefts

Postsynaptic membrane is the membrane of the muscle
fiber. It is thrown into numerous folds called subneural
clefts. Postsynaptic membrane contains the receptors
called nicotinic acetylcholine receptors (Fig. 32.2).

B NEUROMUSCULAR TRANSMISSION
Definition

Neuromuscular transmission is defined as the transfer of
information from motor nerve ending to the muscle fiber
through neuromuscular junction. It is the mechanism
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FIGURE 32.2: Structure of neuromuscular junction
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by which the motor nerve impulses initiate muscle
contraction.

Events of Neuromuscular Transmission

A series of events take place in the neuromuscular
junction during this process (Fig. 32.3). The events are:
1. Release of acetylcholine
2. Action of acetylcholine
3. Development of endplate potential
4. Development of miniature endplate potential
5. Destruction of acetylcholine.

B 1. RELEASE OF ACETYLCHOLINE

When action potential reaches axon terminal, it opens
the voltage-gated calcium channels in the membrane
of axon terminal. Calcium ions from extracellular fluid
(ECF) enter the axon terminal. These cause bursting of
the vesicles by forcing the synaptic vesicles move and
fuse with presynaptic membrane. Now, acetylcholine
is released from the ruptured vesicles. By exocytosis,
acetylcholine diffuses through the presynaptic mem-
brane and enters the synaptic cleft.

Each vesicle contains about 10,000 acetylcholine
molecules. And, at a time, about 300 vesicles open and
release acetylcholine.

B 2. ACTION OF ACETYLCHOLINE

After entering the synaptic cleft, acetylcholine molecules
bind with nicotinic receptors present in the postsynaptic
membrane and form acetylcholine-receptor complex. It
increases the permeability of postsynaptic membrane for
sodium by opening the ligand-gated sodium channels.
Now, sodium ions from ECF enter the neuromuscular
junction through these channels. And there, sodium
ions alter the resting membrane potential and develops
the electrical potential called the endplate potential.

B 3. DEVELOPMENT OF ENDPLATE POTENTIAL

Endplate potential is the change in resting membrane
potential when an impulse reaches the neuromuscular
junction. Resting membrane potential at neuromuscular
junction is =90 mV. When sodium ions enter inside,
slight depolarization occurs up to —60 mV, which is
called endplate potential.

Properties of Endplate Potential

Endplate potential is a graded potential (Chapter 31)
and it is not action potential. Refer Table 31.1 for the
properties of graded potential.
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Action potential
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FIGURE 32.3: Sequence of events during neuromuscular
transmission. Ach = Acetylcholine, ECF = Extracellular fluid.

Significance of Endplate Potential

Endplate potential is non-propagative. But it causes the
development of action potential in the muscle fiber.

B 4. DEVELOPMENT OF MINIATURE
ENDPLATE POTENTIAL

Miniature endplate potential is a weak endplate potential
in neuromuscular junction that is developed by the
release of a small quantity of acetylcholine from axon
terminal. And, each quantum of this neurotransmitter
produces a weak miniature endplate potential. The
amplitude of this potential is only up to 0.5 mV.

Miniature endplate potential cannot produce action
potential in the muscle. When more and more quanta of
acetylcholine are released continuously, the miniature
endplate potentials are added together and finally
produce endplate potential resulting in action potential
in the muscle.

B 5 DESTRUCTION OF ACETYLCHOLINE

Acetylcholine released into the synaptic cleft is destroy-
ed very quickly, within one millisecond by the enzyme,
acetylcholinesterase. However, the acetylcholine is so
potent, that even this short duration of 1 millisecond is
sufficient to excite the muscle fiber. Rapid destruction
of acetylcholine has got some important functional
significance. It prevents the repeated excitation of the
muscle fiber and allows the muscle to relax.

Reuptake Process

Reuptake is a process in neuromuscular junction,
by which a degraded product of neurotransmitter re-
enters the presynaptic axon terminal where it is reused.
Acetylcholinesterase splits (degrades) acetylcholine
into inactive choline and acetate. Choline is taken
back into axon terminal from synaptic cleft by reuptake
process. There, it is reused in synaptic vesicle to form
new acetylcholine molecule.

B NEUROMUSCULAR BLOCKERS

Neuromuscular blockers are the drugs, which prevent
transmission of impulses from nerve fiber to the muscle
fiber through the neuromuscular junctions. These
drugs are used widely during surgery and trauma
care. Neuromuscular blockers used during anesthesia
relax the skeletal muscles and induce paralysis so that
surgery can be conducted with less complication.
Following are important neuromuscular blockers,
which are commonly used in clinics and research.

1. Curare

Curare prevents the neuromuscular transmission
by combining with acetylcholine receptors. So, the
acetylcholine cannot combine with the receptors. And,
the endplate potential cannot develop. Since curare
blocks the neuromuscular transmission by acting on the
acetylcholine receptors, it is called receptor blocker.

2. Bungarotoxin

Bungarotoxin is a toxin from the venom of deadly
snakes. It affects the neuromuscular transmission by
blocking the acetylcholine receptors.



3. Succinylcholine and Carbamylcholine

These drugs block the neuromuscular transmission by
acting like acetylcholine and keeping the muscle in a
depolarized state. But, these drugs are not destroyed by
cholinesterase. So, the muscle remains in a depolarized
state for a long time.

4. Botulinum Toxin

Botulinum toxin is derived from the bacteria Clostridium
botulinum. It prevents release of acetylcholine from
axon terminal into the neuromuscular junction.

B DRUGS STIMULATING
NEUROMUSCULAR JUNCTION

Neuromuscular junction can be stimulated by some
drugs like neostigmine, physostigmine and diisopropyl
fluorophosphate. These drugs inactivate the enzyme,
acetylcholinesterase. So, the acetylcholine is not hydro-
lyzed. It leads to repeated stimulation and continuous
contraction of the muscle.

B MOTOR UNIT

B DEFINITION

Single motor neuron, its axon terminals and the muscle
fibers innervated by it are together called motor unit.
Each motor neuron activates a group of muscle fibers
through the axon terminals. Stimulation of a motor
neuron causes contraction of all the muscle fibers
innervated by that neuron.

B NUMBER OF MUSCLE FIBERS IN
MOTOR UNIT

Number of muscle fiber in each motor unit varies. The
motor units of the muscles concerned with fine, graded
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and precise movements have smaller number of muscle
fibers.
For example,
Laryngeal muscles : 2 to 3 muscle fibers per motor unit
Pharyngeal muscles : 2 to 6 muscle fibers per motor unit
Ocular muscles : 3 to 6 muscle fibers per motor unit
Muscles concerned with crude or coarse move-
ments have motor units with large number of muscle
fibers. There are about 120 to 165 muscle fibers in each
motor unit in these muscles. Examples are the muscles
of leg and back.

B RECRUITMENT OF MOTOR UNITS

While stimulating the muscle with weak strength, only
a few motor units are involved. When the strength of
stimulus is increased, many motor units are put into
action. So, the force of contraction increases. The
process by which more and more motor units are put
into action is called recruitment of motor unit. Thus, the
graded response in the muscle is directly proportional to
the number of motor units activated.

Activation of motor units can be studied by
electromyography.

B APPLIED PHYSIOLOGY — DISORDERS
OF NEUROMUSCULAR JUNCTION

B MYASTHENIA GRAVIS

Myasthenia gravis is an autoimmune disorder of
neuromuscular junction caused by antibodies to
cholinergic receptors. Refer Chapter 34 for details.

B EATON-LAMBERT SYNDROME

Eaton-Lambert syndrome is also an autoimmune
disorder of neuromuscular junction. It is caused by
antibodies to calcium channels in axon terminal. Refer
Chapter 34 for details.
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NEUROMUSCULAR JUNCTION
CONTROL OF SMOOTH MUSCLE

B DISTRIBUTION OF SMOOTH MUSCLE

Smooth muscles are non-striated (plain) and involuntary
muscles. These muscles are present in almost all the
organs in the form of sheets, bundles or sheaths around
other tissues. Smooth muscles form the major contractile
tissues of various organs.
Structures in which smooth muscle fibers are
present:
1. Wall of organs like esophagus, stomach and
intestine in the gastrointestinal tract
2. Ducts of digestive glands
3. Trachea, bronchial tube and alveolar ducts of
respiratory tract
4. Ureter, urinary bladder and urethra in excretory
system
Wall of the blood vessels in circulatory system
Arrector pilorum of skin
7. Mammary glands, uterus, genital ducts, prostate
gland and scrotum in the reproductive system
8. Iris and ciliary body of the eye.
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B FUNCTIONS OF SMOOTH MUSCLE

Smooth muscles are concerned with very important
functions in different parts of the body.

B IN CARDIOVASCULAR SYSTEM

Smooth muscle fibers around the blood vessels regulate
blood pressure and blood flow through different organs
and regions of the body.

B I[N RESPIRATORY SYSTEM

Contraction and relaxation of smooth muscle fibers of
the air passage alter the diameter of air passage and
regulate the inflow and outflow of air.

B [N DIGESTIVE SYSTEM

Smooth muscle fibers in digestive tract help in move-
ment of food substances, mixing of food substance with
digestive juices, absorption of digested material and
elimination of unwanted substances. Sphincters along
the digestive tract regulate the flow of materials.

B IN RENAL SYSTEM

Smooth muscle fibers in renal blood vessels regulate
renal blood flow and glomerular filtration. Smooth
muscles in the ureters propel urine from kidneys to
urinary bladder through ureters. Smooth muscles present
in urinary bladder help voiding urine to the exterior.



B [N REPRODUCTIVE SYSTEM

In males, smooth muscle fibers facilitate the movement
of sperms and secretions from accessory glands along
the reproductive tract. In females, these muscles
accelerate the movement of sperms through genital
tract after sexual act, movement of ovum into uterus
through fallopian tube, expulsion of menstrual fluid and
delivery of the baby.

B STRUCTURE OF SMOOTH MUSCLE

Smooth muscle fibers are fusiform or elongated cells.
These fibers are generally very small, measuring 2 to
5 microns in diameter and 50 to 200 microns in length.
Nucleus is single and elongated and it is centrally
placed. Normally, two or more nucleoli are present in
the nucleus (Fig. 33.1).

Myofibrils and Sarcomere

Well-defined myofibrils and sarcomere are absent in
smooth muscles. So the alternate dark and light bands
are absent. Absence of dark and light bands gives the
non-striated appearance to the smooth muscle.

Myofilaments and Contractile Proteins

Contractile proteins in smooth muscle fiber are actin,
myosin and tropomyosin. But troponin or troponin-like
substance is absent.

Thick and thin filaments are present in smooth
muscle. However, these filaments are not arranged in
orderly fashion as in skeletal muscle. Thick filaments
are formed by myosin molecules and are scattered in
sarcoplasm. These thick flaments contain more number
of cross bridges than in skeletal muscle. Thin filaments
are formed by actin and tropomyosin molecules.

Dense Bodies

Dense bodies are the special structures of smooth
muscle fibers to which the actin and tropomyosin
molecules of thin filaments are attached. The dense
bodies are scattered all over the sarcoplasm in the
network of intermediate filaments, which is formed by
the protein desmin. Some of the dense bodies are firmly
attached with sarcolemma. The anchoring of the dense
bodies, intermediate filaments and thin filaments make
the smooth muscle fiber shorten when sliding occurs
between thick and thin filaments.

Another interesting feature is that the dense bodies
are not arranged in straight line. Because of this, smooth
muscle fibers twist like corkscrew during contraction.
Adjacent smooth muscle fibers are bound together at
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FIGURE 33.1: Smooth muscle fibers

dense bodies. It helps to transmit the contraction from
one cell to another throughout the tissue.

Covering and Tendons

Smooth muscle fibers are covered by connective tissue.
But the tendons and aponeurosis are absent.

Sarcotubular System

Sarcotubular system in smooth muscle fibers is in the
form of network. ‘T’ tubules are absent and ‘L’ tubules
are poorly developed (see Table 28.1).

B TYPES OF SMOOTH MUSCLE FIBERS

Smooth muscle fibers are of two types:
1. Single-unit or visceral smooth muscle fibers
2. Multiunit smooth muscle fibers.

B SINGLE-UNIT OR VISCERAL
SMOOTH MUSCLE FIBERS

Single-unit smooth muscle fibers are the fibers with
interconnecting gap junctions. The gap junctions allow
rapid spread of action potential throughout the tissue so
that all the muscle fibers show synchronous contraction
as a single unit. Single unit smooth muscle fibers are
also called visceral smooth muscle fibers.

Features of single-unit smooth muscle fibers:

1. Muscle fibers are arranged in sheets or bundles

2. Cell membrane of adjacent fibers fuses at many
points to form gap junctions. Through the gap
junctions, ions move freely from one cell to the
other. Thus a functional syncytium is developed.
The syncytium contracts as a single unit. In this
way, the visceral smooth muscle resembles cardiac
muscle more than the skeletal muscle.
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Distribution of Single-unit Smooth Muscle Fibers

Visceral smooth muscle fibers are in the walls of the
organs such as gastrointestinal organs, uterus, ureters,
respiratory tract, etc.

B MULTIUNIT SMOOTH MUSCLE FIBERS

Multiunit smooth muscle fibers are the muscle fibers
without interconnecting gap junctions. These smooth
muscle fibers resemble the skeletal muscle fibers in
many ways.

Features of multiunit smooth muscle fibers:

1. Muscle fibers are individual fibers

2. Each muscle fiber is innervated by a single nerve
ending

3. Each muscle fiber has got an outer membrane
made up of glycoprotein, which helps to insulate
and separate the muscle fibers from one another

4. Control of these muscle fibers is mainly by nerve
signals

5. These smooth muscle fibers do not exhibit
spontaneous contractions.

Distribution of Multiunit Smooth Muscle Fibers

Multiunit muscle fibers are in ciliary muscles of the eye,
iris of the eye, nictitating membrane (in cat), arrector
pili and smooth muscles of the blood vessels and
urinary bladder.

B ELECTRICAL ACTIVITY IN
SINGLE-UNIT SMOOTH MUSCLE

Usually 30 to 40 smooth muscle fibers are simultaneously
depolarized, which leads to development of self-
propagating action potential. It is possible because of
gap junctions and syncytial arrangements of single-unit
smooth muscles.

B RESTING MEMBRANE POTENTIAL

Resting membrane potential in visceral smooth muscle
is very unstable and ranges between —50 and —75 mV.
Sometimes, it reaches the low level of —25 mV.

B CAUSE FOR UNSTABLE RESTING MEMBRANE
POTENTIAL — SLOW-WAVE POTENTIAL

The unstable resting membrane potential is caused by
the appearance of some wave-like fluctuations called
slow waves. The slow waves occur in a rhythmic fashion
at a frequency of 4 to 10 per minute with the amplitude

of 10 to 15 mV (Fig. 33.2). The cause of the slow-wave
rhythm is not known. It is suggested that it may be due
to the rhythmic modulations in the activities of sodium-
potassium pump. The slow wave is not action potential
and it cannot cause contraction of the muscle. But it
initiates the action potential (see below).

B ACTION POTENTIAL

Three types of action potential occur in visceral smooth
muscle fibers:

1. Spike potential

2. Spike potential initiated by slow-wave rhythm

3. Action potential with plateau.

1. Spike Potential

Spike potential in visceral smooth muscle appears
similar to that of skeletal muscle. However, it is different
from the spike potential in skeletal muscles in many
ways. In smooth muscle, the average duration of spike
potential varies between 30 and 50 milliseconds. Its
amplitude is very low and it does not reach the isoelectric
base. Sometimes, the spike potential rises above the
isoelectric base (overshoot). The spike potential is due
to nervous and other stimuli and it leads to contraction
of the muscle.

2. Spike Potential Initiated by
Slow-wave Rhythm

Sometimes the slow-wave rhythm of resting membrane
potential initiates the spike potentials, which lead to
contraction of the muscle. The spike potentials appear
rhythmically at a rate of about one or two spikes at the
peak of each slow wave. The spike potentials initiated
by the slow-wave rhythm cause rhythmic contractions
of smooth muscles. This type of potentials appears
mostly in smooth muscles, which are self-excitatory
and contract themselves without any external stimuli.
So, the spike potentials initiated by slow-wave rhythm
are otherwise called pacemaker waves. The smooth
muscles showing rhythmic contractions are present in
some of the visceral organs such as intestine.

3. Action Potential with Plateau

This type of action potential starts with rapid depolari-
zation as in the case of skeletal muscle. But, repolari-
zation does not occur immediately. The muscle remains
depolarized for long periods of about 100 to 1,000
milliseconds. This type of action potential is responsible
for sustained contraction of smooth muscle fibers. After
the long depolarized state, slow repolarization occurs.
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FIGURE 33.2: Electrical activities in smooth muscle

A
Spike potential

B
C
D

B TONIC CONTRACTION OF SMOOTH
MUSCLE WITHOUT ACTION POTENTIAL

Smooth muscles of some visceral organs maintain a
state of partial contraction called tonus or tone. It is
due to the tonic contraction of the muscle that occurs
without any action potential or any stimulus. Sometimes,
the tonic contraction occurs due to the action of some
hormones.

B [ONIC BASIS OF ACTION POTENTIAL

The important difference between action potential in
skeletal muscle and smooth muscle lies in the ionic basis
of depolarization. In skeletal muscle, the depolarization
occurs due to opening of sodium channels and entry

Slow-wave rhythm of resting membrane potential

Spike potential initiated by slow wave rhythm
Action potential with plateau

of sodium ions from extracellular fluid into the muscle
fiber. But in smooth muscle, the depolarization is due to
entry of calcium ions rather than sodium ions. Unlike the
fast sodium channels, the calcium channels open and
close slowly. It is responsible for the prolonged action
potential with plateau in smooth muscles. The calcium
ions play an important role during the contraction of the
muscle.

B ELECTRICAL ACTIVITY IN
MULTIUNIT SMOOTH MUSCLE

Electrical activity in multiunit smooth muscle is different
from that in the single unit smooth muscle. Electrical
changes leading to contraction of multiunit smooth
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muscle are triggered by nervous stimuli. Nerve endings
secrete the neurotransmitters like acetylcholine and
noradrenaline.  Neurotransmitters depolarize the
membrane of smooth muscle fiber slightly leading to
contraction. The action potential does not develop. This
type of depolarization is called local depolarization
or excitatory junctional potential (EJP). This local
depolarization travels throughout the entire smooth
muscle fiberand causes contraction. Local depolarization
is developed because the multiunit smooth muscle fibers
are too small to develop action potential.

B CONTRACTILE PROCESS IN
SMOOTH MUSCLE

Compared to skeletal muscles, in smooth muscles,
the contraction and relaxation processes are slow. The
latent period is also long. Thus, the total twitch period
is very long and it is about 1 to 3 seconds. In skeletal
muscle, the total twitch period is 0.1 sec.

B MOLECULAR BASIS OF SMOOTH
MUSCLE CONTRACTION

The process of excitation and contraction is very slow
in smooth muscles because of poor development of ‘L’
tubules (sarcoplasmic reticulum). So, the calcium ions,
which are responsible for excitation-contraction coupl-
ing, must be obtained from the extracellular fluid. It makes
the process of excitation-contraction coupling slow.

Calcium-calmodulin Complex

Stimulation of ATPase activity of myosin in smooth
muscle is different from that in the skeletal muscle. In
smooth muscle, the myosin has to be phosphorylated
for the activation of myosin ATPase.

Phosphorylation of myosin occurs in the following
manner:

1. Calcium, which enters the sarcoplasm from the
extracellular fluid combines with a protein called
calmodulin and forms calcium-calmodulin complex
(Fig. 33.3)

2. It activates calmodulin-dependent myosin
chain kinase

3. This enzyme in turn causes phosphorylation of
myosin followed by activation of myosin ATPase

4. Now, the sliding of actin filaments starts.
Phosphorylated myosin gets attached to the actin

molecule for longer period. It is called latch-bridge
mechanism and it is responsible for the sustained
contraction of the muscle with expenditure of little
energy.

light

Relaxation of the muscle occurs due to dissociation
of calcium-calmodulin complex.

Length-Tension Relationship — Plasticity

Plasticity is the adaptability of smooth muscle fibers to
a wide range of lengths. If the smooth muscle fiber is
stretched, it adapts to this new length and contracts when
stimulated. Because of this property, tension produced
in the muscle fiber is not directly proportional to resting
length of the muscle fiber. In other words, Starling’s
law is not applicable to smooth muscle. Starling’s law
is applicable in skeletal and cardiac muscles and the
tension or force of contraction is directly proportional to
initial length of fibers in these muscles.

The property of plasticity in smooth muscle fibers is
especiallyimportantin digestive organs such as stomach,
which undergo remarkable changes in volume.

In spite of plasticity, smooth muscle fibers contract
powerfully like the skeletal muscle fibers. Smooth
muscle fibers also show sustained tetanic contractions
like skeletal muscle fibers.

B NEUROMUSCULAR JUNCTION
IN SMOOTH MUSCLE

Well-defined neuromuscular junctions are absent in
smooth muscle. The nerve fibers (axons)do notendin the

Calcium + Calmodulin

|

Calcium-calmodulin complex

!

Activation of myosin light chain kinase

|

Phosphorylation of myosin

!

Activation of myosin ATPase

Muscular contraction

FIGURE 33.3: Molecular basis of smooth muscle contraction



form of endplate. Instead, these nerve fibers end on
smooth muscle fibers in three different ways:

1. Nervefibersdiffuse onthe sheetofsmoothmuscle
fibers without making any direct contact with the
muscle. The diffused nerve fibers form diffuse
junctions, which contain neurotransmitters.
Neurotransmitters are released into the matrix,
which coats the smooth muscle fiber. From here
the neurotransmitters enter the muscle fibers

2. In some smooth muscle fibers, the axon termi-
nal ends in the form of many varicosities. The
varicosities have vesicles, which contain the
neurotransmitter. Neurotransmitter is released
from varicosities through their wall into the
muscle fiber

3. In some of the multiunit smooth muscle fibers,
a gap is present between varicosities and the
membrane of smooth muscle fibers, which
resembles the synaptic cleft in skeletal muscle.
The width of this gap is 30 to 40 nm. This gap
is called contact junction and it functions as
neuromuscular junction of skeletal muscle.

B CONTROL OF SMOOTH MUSCLE

Smooth muscle fibers are controlled by:
1. Nervous factors
2. Humoral factors.

B NERVOUS FACTORS

Smooth muscles are supplied by both sympathetic and
parasympathetic nerves, which antagonize (act opposite
to) each other and control the activities of smooth musc-
les. However, these nerves are not responsible for the
initiation of any activity in smooth muscle. The tonus of
smooth muscles is also independent of nervous control.

B HUMORAL FACTORS

Activity of smooth muscle is also controlled by humoral
factors, which include hormones, neurotransmitters and
other humoral factors.
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Hormones and Neurotransmitters

Action of the hormones and neurotransmitters depends
upon the type of receptors present in membrane of
smooth muscle fibers in particular area. The receptors
are of two types, excitatory receptors and inhibitory
receptors.

If excitatory receptors are present, the hormones or
the neurotransmitters contract the muscle by producing
depolarization. If inhibitory receptors are present, the
hormones or the neurotransmitters relax the muscles by
producing hyperpolarization.

Hormones and neurotransmitters, which act on
smooth muscles are:

1. Acetylcholine
Antidiuretic hormone (ADH)
Adrenaline
Angiotensin Il, IIl and IV
Endothelin
Histamine
Noradrenaline
Oxytocin
Serotonin.
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Other Humoral Factors

Humoral factors other than the hormones cause
relaxation of smooth muscle fibers.

Humoral factors which relax the smooth muscles:
Lack of oxygen

Excess of carbon dioxide

Increase in hydrogen ion concentration

Adenosine

Lactic acid

Excess of potassium ion

Decrease in calcium ion

Nitric oxide (NO), the endothelium-derived relaxing
factor (EDRF).

© NG LDNE
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Bl DEFINITION

Electromyography is the study of electrical activity of
the muscle. Electromyogram (EMG) is the graphical
registration of the electrical activity of the muscle.

B ELECTROMYOGRAPHIC TECHNIQUE

Cathode ray oscilloscope or a polygraph is used to record
the electromyogram. Two types of electrodes are used
for recording the electrical activities of the muscle:
1. Surface electrode or skin electrode for studying the
activity of a muscle.
2. Needle electrodes for studying the electrical activity
of a single motor unit.

B ELECTROMYOGRAM

Structural basis for electromyogram is the motor unit.
Electrical potential developed by the activation of one
motor unit is called motor unit potential. It lasts for 5 to 8
milliseconds and has an amplitude of 0.5 mV. Mostly it
is monophasic (Fig. 34.1).

Electrical potential recorded from the whole muscle
shows smaller potentials if the force of contraction is

less. When the force increases, larger potentials are
obtained due to the recruitment of more and more
number of motor neurons.
Uses of Electromyogram

Electromyogram is useful in the diagnosis of neuro-
muscular diseases such as motor neuron lesions,
peripheral nerve injury and myopathies.

34
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FIGURE 34.1: Electromyogram during alternate contraction
and relaxation of biceps muscle
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B DISORDERS OF SKELETAL
MUSCLES — MYOPATHY

Myopathy is a muscular disorder in which the dysfunction
of muscle fiber leads to muscular weakness. Myopathies
may be acquired or genetically derived. These diseases
may or may not involve the nervous system.

Common diseases of skeletal muscles are:
Muscular dystrophy

Diseases involving muscle tone

Fibrillation and denervation hypersensitivity
Myasthenia gravis

Lambert-Eaton syndrome

McArdle disease

Mitochondrial myopathy

Nemaline myopathy.
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B 1. MUSCULAR DYSTROPHY

Muscular dystrophy is a disease characterized by
progressive degeneration of muscle fibers, without
the involvement of nervous system. Mostly it has
a hereditary origin. The muscles fail to regenerate,
resulting in progressive weakness and confinement to a
wheelchair. Eventually, death occurs. Common types of
muscular dystrophy are Duchenne muscular dystrophy
and Becker muscular dystrophy.

Duchenne Muscular Dystrophy

Duchenne muscular dystrophy is a sex-linked recessive
disorder. It is due to the absence of a gene product
called dystrophin in the X chromosome. Dystrophin is
necessary for the stability of sarcolemma. This disease
is characterized by degeneration and necrosis of muscle
fibers. The degenerated muscle fibers are replaced
by fat and fibrous tissue. Common symptom is the
muscular weakness. Sometimes, there is enlargement
of muscles (pseudohypertrophy). In severe conditions,
the respiratory muscles become weak, resulting in
difficulty in breathing and death.

Becker Muscular Dystrophy

Becker muscular dystrophy is also a sex-linked disorder.
It occurs due to the reduction in quantity or alteration
of dystrophin. Common features of this disorder
are slow progressive weakness of legs and pelvis,
pseudohypertrophy of calf muscles, difficulty in walking,
fatigue and mental retardation.

B 2. DISEASES INVOLVING MUSCLE TONE

Hypertonia

Hypertonia or hypertonicity is a muscular disease
characterized by increased muscle tone and inability of
the muscle to stretch.

Causes

Hypertonia occurs in upper motor neuron lesion (Chapter
144). During the lesion of upper motor neuron, inhibition
of lower motor neurons (gamma-motor-neurons in the
spinal cord) is lost. It causes exaggeration of lower
motor neuron activity, resulting in hypertonia.

In children, hypertonia is associated with cerebral
palsy (permanent disorder caused by brain damage,
which occurs at or before birth and is characterized by
muscular impairment). Here also, the motor pathway
is affected. Such children usually have speech and
language delays, with lack of communication skills.

Hypertonia and spasticity

Hypertonia may be related to spasticity, but it is present
with or without spasticity. Spasticity is a motor disorder
characterized by stiffness of the certain muscles due
to continuous contraction. Hypertonicity is one of the
major symptoms of spasticity. Paralysis (complete loss
of function) of the muscle due to hypertonicity is called
spastic paralysis.

In hypertonia, there is a resistance to passive
movement and it does not depend on velocity (the
speed at which the movement occurs), where as in
spasticity there is an increase in resistance to sudden
passive movement. It is velocity dependent, i.e. faster
the passive movement stronger the resistance.

Hypotonia

Hypotonia is the muscular disease characterized by
decreased muscle tone. The tone of the muscle is
decreased or lost. Muscle offers very little resistance to
stretch. Muscle becomes flaccid (lack of firmness) and
the condition is called flaccidity.

Causes

Major cause for hypotonia is lower motor neuron lesion
(Chapter 144). The paralysis of muscle with hypotonicity
is called flaccid paralysis and it results in wastage of
muscles.

Hypotonia may also occur because of central
nervous system dysfunction, genetic disorders or
muscular disorders.

Clinical conditions associated with hypotonia are:

i. Down syndrome (chromosomal disorder,
characterized by physical and learning
disabilities)

ii. Myasthenia gravis (see below)

iii. Kernicterus (brain damage caused by jaundice
in infants; Chapter 163)

iv. Congenital cerebellar ataxia (incoordination)

v. Muscular dystrophy
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vi. Congenital hypothyroidism

vii. Hypervitaminosis D

viii. Rickets (Chapter 68)

ix. Infant botulism (paralysis due to botulinum toxin).

Myotonia

Myotoniais acongenital disease characterized by continu-
ous contraction of muscle and slow relaxation even after
the cessation of voluntary act. The main feature of this
disease is the muscle stiffness, which is sometimes
referred as cramps. Muscle relaxation is delayed.

This type of muscular stiffness with delayed
relaxation causes discomfort during simple actions
like walking, grasping and chewing. The muscles are
enlarged (hypertrophy) because of the continuous
contraction. Myotonia sets in during early to late
childhood and it is not progressive.

Cause

Myotonia is caused by mutation in the genes of channel
proteins in sarcolemma. Such disorders are called
channelopathies.

Types

Myotonia is of two types:

i. Becker-type myotonia orgeneralized myotonia,
which is more common than Thomsen-type
myotonia. It is an autosomal recessive disorder
produced by defective genes contributed by
both the parents

i. Thomsen-type myotonia is relatively rare and it
is an autosomal recessive disorder produced by
defective gene contributed by one parent.

B 3. FIBRILLATION AND DENERVATION
HYPERSENSITIVITY

Denervation of a skeletal muscle (lower motor neuron
lesion) causes fibrillation with flaccid paralysis and
denervation hypersensitivity.

Fibrillation
Fibrillation means fine irregular contractions of individual
muscle fibers.

Denervation Hypersensitivity

After denervation, the muscle becomes highly sensitive
to acetylcholine, which is released from neuromuscular
junction. It is called denervation hypersensitivity.

B 4. MYASTHENIA GRAVIS

Myasthenia gravis is an autoimmune disease of
neuromuscular junction caused by antibodies to cholin-
ergic receptors. It is characterized by grave weakness
of the muscle due to the inability of neuromuscular
junction to transmit impulses from nerve to the muscle.
It is a serious and sometimes a fatal disease.

Causes

Myasthenia gravis is caused due to the development
of autoantibodies (IgG autoantibodies) against the
receptors of acetylcholine (Chapter 17). That is, the
body develops antibodies against its own acetylcholine
receptors. These antibodies prevent binging of
acetylcholine with it receptors or destroy the receptors.
So, though the acetylcholine release is normal, it cannot
execute its action.

Symptoms

Muscles which are more susceptible for myasthenia
gravis are muscles of neck, limbs, eyeballs and the
muscle responsible for eyelid movements, chewing,
swallowing, speech and respiration.
Common symptoms are:
i. Slow and weak muscular contraction because
of the defective neuromuscular activity
ii. Inability to maintain the prolonged contraction of
skeletal muscle
iii. Quick fatigability when the patient attempts
repeated muscular contractions
iv. Weakness and fatigability of arms and legs
v. Double vision and droopy eyelids due to the
weakness of ocular muscles
vi. Difficulty in swallowing due to weakness of
throat muscles
vii. Difficulty in speech due to weakness of muscles
of speech.
In severe conditions, there is paralysis of muscles.
Patient dies mostly due to the paralysis of respiratory
muscles.

Treatment

Myasthenia gravis is treated by administration of cholin-
esterase inhibitors such as neostigmine and pyrido-
stigmine. These drugs inhibit cholinesterase, which
degrades acetylcholine. So acetylcholine remaining in the
synaptic cleft for long period can bind with its receptors.
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B 5 LAMBERT-EATON SYNDROME

Lambert-eaton syndrome is a disorder of neuromuscular
junction caused by development of antibodies against
calcium channel in the nerve terminal, resulting in
reduction in the release of quanta of acetylcholine. This
disease is commonly associated with carcinoma. So, it
is also called carcinomatous myopathy. This disease is
characterized by several features of myasthenia gravis.
In addition, the patients have blurred vision and dry
mouth.

m 6. McCARDLE DISEASE

McArdle disease is a glycogen storage disease (accu-
mulation of glycogen in muscles) due to the mutation of
genes involving the muscle glycogen phosphorylase,

necessary for the breakdown of glycogen in muscles.
Muscular pain and stiffness are the common features of
this disease.

H 7. MITOCHONDRIAL MYOPATHY

Mitochondrial myopathy is an inherited disease due to
the defects in the mitochondria (which provide critical
source of energy) of muscle fibers.

B 8. NEMALINE MYOPATHY

Nemaline myopathy is a congenital myopathy charac-
terized by microscopic changes and formation of small
rod-like structures in the muscle fibers. It is also called
nemaline-rod myopathy. The features are delayed deve-
lopment of motor activities and weakness of muscles.
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B STRENGTH OF THE MUSCLE

B TYPES OF MUSCLE STRENGTH
B POWER OF THE MUSCLE
B ENDURANCE OF THE MUSCLE

Three factors are essential for the contraction of skeletal
muscle:

1. Strength of the muscle

2. Power of the muscle

3. Endurance of the muscle.

Strength and power of the muscle are the two factors

which determine the endurance of the muscle. Power of
the muscle is developed by strength of the muscle

B STRENGTH OF THE MUSCLE

Maximum force that can be developed during contrac-
tion is known as strength of the muscle. It is defined
as the maximal contractile force produced per square
centimeter of the cross-sectional area of a skeletal
muscle. The normal force produced by a muscle is about
3 to 4 kg/cm? area of muscle. If the size of the muscle is
more, the strength developed also will be more.

The size of the muscle can be increased either
by exercise or by some hormones like androgens. For
example, weight lifters will have the quadriceps muscle
with cross-sectional area of about 150 cm?. So, the total
strength of the quadriceps muscles is between 500 and
550 kg/cm?.

B TYPES OF MUSCLE STRENGTH

Strength of the muscle is of two types:
1. Contractile strength
2. Holding strength.

1. Contractile Strength

Contractile strength is the strength of the muscle during
the actual contraction or shortening of muscle fibers. For

example, while jumping, when a person takes his body
off the ground, there is contraction of the leg muscles.
This is called the contractile strength.

2. Holding Strength

Holding strength is the force produced while stretching
the contracted muscles. For example, while landing
after jumping, the leg muscles are stretched. The force
developed by the muscles at that time is called the
holding strength. The holding strength is greater than
the contractile strength.

B POWER OF THE MUSCLE

Amount of work done by the muscle in a given unit of
time is called the power. Power of the muscle depends
upon three factors. Muscle power is directly proportional
to these factors:

1. Strength of the muscle.

2. Force of contraction.

3. Frequency of contraction.

Muscle power is generally expressed in kilogram-
meter per min (kg-m/min), i.e. the weight lifted by
a muscle to a height of 1 meter for one minute. The
maximum power achieved by all the muscles in the body
of a highly trained athlete, with all the muscles working
together is approximately,

First 8 to 10 seconds : 7,000 kg-m/min

Next 1 minute . 4,000 kg-m/min

Next 30 minute : 1,700 kg-m/min

This shows that the maximum power is developed
only for a short period of time.



B ENDURANCE OF THE MUSCLE

Capacity of the muscle to withstand the power produced
during activity is called endurance. It depends mostly on
the supply of nutrition to the muscle.

Most important nutritive substance for the muscle
is glycogen. This is actually stored in the muscle before
the beginning of the activity. More amount of glycogen
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can be stored in the muscles if a person takes diet
containing more carbohydrates than the diet containing
fat or a mixed diet. Following is the amount of glycogen
stored in the muscle in persons taking different diets.

High carbohydrate diet : 40 gm/kg muscle

Mixed diet ;20 gm/kg muscle

High fat diet : 6 gm/kg muscle.
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QUESTIONS IN MUSCLE PHYSIOLOGY

B LONG QUESTIONS

1.

Enumerate the properties of muscles and give
an account on contractile property of the skeletal
muscle.

List the various changes taking place during
muscular contraction and explain the molecular
basis of contraction.

Write about the electrical changes during muscular
contraction.

Explain the ionic basis of electrical events during
contraction of skeletal muscle.

Describe the neuromuscular junction with a
suitable diagram. Add a note on neuromuscular
transmission

B SHORT QUESTIONS

=
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Compare skeletal muscle and cardiac muscle.
Compare skeletal muscle and smooth muscle.
Sarcomere.

Contractile elements of the muscle.

Muscle proteins.

Sarcotubular system.

Sarcoplasmic reticulum.

Composition of muscle.

Excitability or strength-duration curve.

Factors affecting force of muscular contraction.
Simple muscle curve.

Latent period.

Differences between pale and red muscles.
Effects of two successive stimuli on muscle.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.

Effects of temperature variation on muscle.
Rigor.

Effects of repeated stimuli on skeletal muscle.
Fatigue.

Tetanus.

Starling’s law of muscle.

Refractory period.

Muscle tone.

Resting membrane potential.

Action potential.

Graded potential.

Patch clamp.

Actomyosin complex.

Excitation-contraction coupling.

Sliding theory of muscular contraction.
Chemical changes during muscular contraction.
Liberation of energy for muscular contraction.
Thermal changes during muscular contraction.
Electrical activity in smooth muscle.
Molecular basis of smooth muscular contraction.
Neuromuscular junction.

Neuromuscular transmission.

Endplate potential.

Neuromuscular blockers.

Motor unit.

Electromyogram.

Myopathy.

Muscular dystrophy.

Myasthenia gravis.

Hypertonia.

Hypotonia.
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B INTRODUCTION

B MUCUS LAYER
B SUBMUCUS LAYER
B MUSCULAR LAYER

B FUNCTIONAL ANATOMY
B WALL OF GASTROINTESTINAL TRACT

B SEROUS OR FIBROUS LAYER

B NERVE SUPPLY TO GASTROINTESTINAL TRACT
B INTRINSIC NERVE SUPPLY
B EXTRINSIC NERVE SUPPLY

B INTRODUCTION

Digestion is defined as the process by which food is
broken down into simple chemical substances that can
be absorbed and used as nutrients by the body. Most
of the substances in the diet cannot be utilized as such.
These substances must be broken into smaller particles,
so that they can be absorbed into blood and distributed
to various parts of the body for utilization. Digestive
system is responsible for these functions.

Digestive process is accomplished by mechanical
and enzymatic breakdown of food into simpler chemi-
cal compounds. Anormal young healthy adult consumes
about 1 kg of solid diet and about 1 to 2 liter of liquid
diet every day. All these food materials are subjected to
digestive process, before being absorbed into blood and
distributed to the tissues of the body. Digestive system
plays the major role in the digestion and absorption of
food substances.

Thus, the functions of digestive system include:

1. Ingestion or consumption of food substances

2. Breaking them into small particles

3. Transport of small particles to different areas of the
digestive tract

4. Secretion of necessary enzymes and other subs-
tances for digestion

5. Digestion of the food particles
6. Absorption of the digestive products (nutrients)
7. Removal of unwanted substances from the body.

B FUNCTIONAL ANATOMY OF
DIGESTIVE SYSTEM

Digestive system is made up of gastrointestinal tract
(GI tract) or alimentary canal and accessory organs,
which help in the process of digestion and absorption
(Fig. 36.1). Gl tract is a tubular structure extending from
the mouth up to anus, with a length of about 30 feet. It
opens to the external environment on both ends.
Gl tract is formed by two types of organs:
1. Primary digestive organs.
2. Accessory digestive organs.

1. Primary Digestive Organs

Primary digestive organs are the organs where actual
digestion takes place.
Primary digestive organs are:
i. Mouth
ii. Pharynx
iii. Esophagus
iv. Stomach
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v. Small intestine
vi. Large intestine.

2. Accessory Digestive Organs

Accessory digestive organs are those which help prim-
ary digestive organs in the process of digestion.
Accessory digestive organs are:

i. Teeth

ii. Tongue

iii. Salivary glands

iv. Exocrine part of pancreas

v. Liver

vi. Gallbladder.

B WALL OF GASTROINTESTINAL TRACT

In general, wall of the Gl tract is formed by four layers
which are from inside out:

1. Mucus layer

2. Submucus layer

3. Muscular layer

4. Serous or fibrous layer.

H 1. MUCUS LAYER

Mucus layer is the innermost layer of the wall of Gl
tract. It is also called gastrointestinal mucosa or mucus
membrane. It faces the cavity of Gl tract.

_____________ Salivary
---""" glands
Mouth -—————-=
-—-—;;'——.-—_wf_f— Esophagus
) ——~~———o=—=t- Diaphragm
Liver, '
T\, .
Gallbladder Lo i~ i g¥l—2———r————- - Stomach

Duodenum --—————--2¢ § k> Pancreas

Transverse -———————— . ‘
Colon " .- Descending
Jejunum ------—- , colon

Ascending --——--——= A ————— |leum

s =————-—— Pelvic

Appendix —————————- o tioe
\\\\\.‘\___—_-___ Rectum

Mo Anus

FIGURE 36.1: Gastrointestinal tract

Mucosa has three layer of structures:
i. Epithelial lining

ii. Lamina propria

iii. Muscularis mucosa.

Epithelial Lining

Epithelial lining is in contact with the contents of Gl tract.
The type of cells in this layer varies in different parts of
Gl tract. The inner surface of mouth, surface of tongue,
inner surface of pharynx and esophagus have stratified
squamous epithelial cells. However, mucus membrane
lining the other parts such as stomach, small intestine
and large intestine has columnar epithelial cells.

Lamina Propria

Lamina propria is formed by connective tissues, which
contain fibroblasts, macrophages, lymphocytes and
eosinophils.

Muscularis Mucosa

Muscularis mucosa layer consists of a thin layer of
smooth muscle fibers. Itis absent in mouth and pharynx.
It is present from esophagus onwards.

B 2. SUBMUCUS LAYER

Submucus layer is also present in all parts of Gl tract,
except the mouth and pharynx. It contains loose collagen
fibers, elastic fibers, reticular fibers and few cells of
connective tissue. Blood vessels, lymphatic vessels and
nerve plexus are present in this layer.

B 3. MUSCULAR LAYER

Muscular layer in lips, cheeks and wall of pharynx
contains skeletal muscle fibers. The esophagus has both
skeletal and smooth muscle fibers. Wall of the stomach
and intestine is formed by smooth muscle fibers.

Smooth muscle fibers in stomach are arranged in
three layers:

i. Inner oblique layer

ii. Middle circular layer

iii. Outer longitudinal layer.

Smooth muscle fibers in the intestine are arranged
in two layers:

i. Inner circular layer

ii. Outer longitudinal layer.

Auerbach nerve plexus is present in between the
circular and longitudinal muscle fibers. The smooth
muscle fibers present in inner circular layer of anal
canal constitute internal anal sphincter. The external
anal sphincter is formed by skeletal muscle fibers.
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Outermost layer of the wall of Gl tract is either serous or
fibrous in nature. The serous layer is also called serosa
or serous membrane and it is formed by connective
tissue and mesoepithelial cells. It covers stomach, small
intestine and large intestine.

The fibrous layer is otherwise called fibrosa and it
is formed by connective tissue. It covers pharynx and
esophagus.

B NERVE SUPPLY TO
GASTROINTESTINAL TRACT

Gl tract has two types of nerve supply:
I. Intrinsic nerve supply
II. Extrinsic nerve supply.

B INTRINSIC NERVE SUPPLY -
ENTERIC NERVOUS SYSTEM

Intrinsic nerves to Gl tract form the enteric nervous
system that controls all the secretions and movements
of Gl tract. Enteric nervous system is present within the
wall of GI tract from esophagus to anus. Nerve fibers
of this system are interconnected and form two major
networks called

1. Auerbach plexus

2. Meissner plexus.

These nerve plexus contain nerve cell bodies,
processes of nerve cells and the receptors. The recep-
tors in the GI tract are stretch receptors and chemo-
receptors. Enteric nervous system is controlled by
extrinsic nerves.

1. Auerbach Plexus

Auerbach plexus is also known as myenteric nerve
plexus. It is present in between the inner circular muscle
layer and the outer longitudinal muscle layer (Fig. 36.2).

Functions of Auerbach plexus

Major function of this plexus is to regulate the move-
ments of Gl tract. Some nerve fibers of this plexus
accelerate the movements by secreting the excitatory
neurotransmitter substances like acetylcholine, sero-
tonin and substance P. Other fibers of this plexus
inhibit the Gl motility by secreting the inhibitory neuro-
transmitters such as vasoactive intestinal polypeptide
(VIP), neurotensin and enkephalin.

2. Meissner Nerve Plexus

Meissner plexus is otherwise called submucus nerve
plexus. It is situated in between the muscular layer and
submucosal layer of Gl tract.
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FIGURE 36.2: Structure of intestinal wall with
intrinsic nerve plexus

Functions of Meissner plexus

Function of Meissner plexus is the regulation of
secretory functions of Gl tract. These nerve fibers cause
constriction of blood vessels of Gl tract.

B EXTRINSIC NERVE SUPPLY

Extrinsic nerves that control the enteric nervous system
are from autonomic nervous system. Both sympathetic
and parasympathetic divisions of autonomic nervous
system innervate the Gl tract (Fig. 36.3).

Sympathetic Nerve Fibers

Preganglionic sympathetic nerve fibers to Gl tract arise
from lateral horns of spinal cord between fifth thoracic
and second lumbar segments (T5 to L2). From here, the
fibers leave the spinal cord, pass through the ganglia of
sympathetic chain without having any synapse and then
terminate in the celiac and mesenteric ganglia. The
postganglionic fibers from these ganglia are distributed
throughout the Gl tract.

Functions of sympathetic nerve fibers

Sympathetic nerve fibers inhibit the movements
and decrease the secretions of Gl tract by secreting
the neurotransmitter noradrenaline. It also causes
constriction of sphincters.

Parasympathetic Nerve Fibers

Parasympathetic nerve fibers to Gl tract pass through
some of the cranial nerves and sacral nerves. The pre-
ganglionic and postganglionic parasympathetic nerve
fibers to mouth and salivary glands pass through facial
and glossopharyngeal nerves.
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Parasympathetic nerves
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FIGURE 36.3: Extrinsic nerve supply to Gl tract.
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S2

Preganglionic parasympathetic nerve fibers to eso-
phagus, stomach, small intestine and upper part of large
intestine pass through vagus nerve. Preganglionic nerve
fibers to lower part of large intestine arise from second,
third and fourth sacral segments (S2, S3 and S4) of
spinal cord and pass through pelvic nerve. All these
preganglionic parasympathetic nerve fibers synapse

5th thoracic segment of spinal cord
1st lumbar segment of spinal cord
2nd sacral segment of spinal cord

with the postganglionic nerve cells in the myenteric and
submucus plexus.

Functions of parasympathetic nerve fibers

Parasympathetic nerve fibers accelerate the move-
ments and increase the secretions of Gl tract. The
neurotransmitter secreted by the parasympathetic nerve
fibers is acetylcholine (Ach).
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FUNCTIONS OF MOUTH
SALIVARY GLANDS

FUNCTIONS OF SALIVA

APPLIED PHYSIOLOGY

FUNCTIONAL ANATOMY OF MOUTH

PROPERTIES AND COMPOSITION OF SALIVA

REGULATION OF SALIVARY SECRETION
EFFECT OF DRUGS AND CHEMICALS ON SALIVARY SECRETION

B FUNCTIONAL ANATOMY OF MOUTH

Mouth is otherwise known as oral cavity or buccal
cavity. Itis formed by cheeks, lips and palate. It encloses
the teeth, tongue and salivary glands. Mouth opens
anteriorly to the exterior through lips and posteriorly
through fauces into the pharynx.

Digestive juice present in the mouth is saliva, which
is secreted by the salivary glands.

B FUNCTIONS OF MOUTH

Primary function of mouth is eating and it has few other
important functions also.
Functions of mouth include:

1. Ingestion of food materials

2. Chewing the food and mixing it with saliva

3. Appreciation of taste of the food

4. Transfer of food (bolus) to the esophagus by
swallowing

5. Role in speech

6. Social functions such as smiling and other

expressions.

B SALIVARY GLANDS

In humans, the saliva is secreted by three pairs of major
(larger) salivary glands and some minor (small) salivary
glands.

B MAJOR SALIVARY GLANDS

Major glands are:
1. Parotid glands
2. Submaxillary or submandibular glands
3. Sublingual glands.

1. Parotid Glands

Parotid glands are the largest of all salivary glands,
situated at the side of the face just below and in front of
the ear. Each gland weighs about 20 to 30 g in adults.
Secretions from these glands are emptied into the oral
cavity by Stensen duct. This duct is about 35 mm to 40
mm long and opens inside the cheek against the upper
second molar tooth (Fig. 37.1).

2. Submaxillary Glands

Submaxillary glands or submandibular glands are
located in submaxillary triangle, medial to mandible.
Each gland weighs about 8 to 10 g. Saliva from these
glands is emptied into the oral cavity by Wharton duct,
which is about 40 mm long. The duct opens at the side
of frenulum of tongue, by means of a small opening on
the summit of papilla called caruncula sublingualis.
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FIGURE 37.1: Major salivary glands

3. Sublingual Glands

Sublingual glands are the smallest salivary glands
situated in the mucosa at the floor of the mouth. Each
gland weighs about 2 to 3 g. Saliva from these glands is
poured into 5 to 15 small ducts called ducts of Rivinus.
These ducts open on small papillae beneath the tongue.
One of the ducts is larger and it is called Bartholin duct
(Table 37.1). It drains the anterior part of the gland and
opens on caruncula sublingualis near the opening of
submaxillary duct.

B MINOR SALIVARY GLANDS

1. Lingual Mucus Glands

Lingual mucus glands are situated in posterior one third
of the tongue, behind circumvallate papillae and at the
tip and margins of tongue.

2. Lingual Serous Glands

Lingual serous glands are located near circumvallate
papillae and filiform papillae.

3. Buccal Glands

Buccal glands or molar glands are present between
the mucus membrane and buccinator muscle. Four to
five of these are larger and situated outside buccinator,
around the terminal part of parotid duct.

4. Labial Glands

Labial glands are situated beneath the mucus membrane
around the orifice of mouth.

TABLE 37.1: Ducts of major salivary glands

Stensen duct
Wharton duct
Ducts of Rivinus/Bartholin duct

Parotid gland

Submaxillary gland
Sublingual gland

5. Palatal Glands

Palatal glands are found beneath the mucus membrane
of the soft palate.

B CLASSIFICATION OF SALIVARY GLANDS

Salivary glands are classified into three types, based on
the type of secretion:

1. Serous Glands

Serous glands are mainly made up of serous cells. These
glands secrete thin and watery saliva. Parotid glands
and lingual serous glands are the serous glands.

2. Mucus Glands

Mucus glands are mainly made up of mucus cells.
These glands secrete thick, viscous saliva with high
mucin content. Lingual mucus glands, buccal glands
and palatal glands belong to this type.

3. Mixed Glands

Mixed glands are made up of both serous and mucus
cells. Submandibular, sublingual and labial glands are
the mixed glands.

B STRUCTURE AND DUCT SYSTEM
OF SALIVARY GLANDS

Salivary glands are formed by acini or alveoli. Each
acinus is formed by a small group of cells which surround
a central globular cavity. Central cavity of each acinus
is continuous with the lumen of the duct. The fine duct
draining each acinus is called intercalated duct. Many
intercalated ducts join together to form intralobular duct.
Few intralobular ducts join to form interlobular ducts,
which unite to form the main duct of the gland (Fig. 37.2).
A gland with this type of structure and duct system is
called racemose type (racemose = bunch of grapes).

B PROPERTIES AND COMPOSITION
OF SALIVA

B PROPERTIES OF SALIVA

1. Volume: 1000 mL to 1500 mL of saliva is secreted
per day and it is approximately about 1 mL/minute.
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FIGURE 37.2: Diagram showing acini and duct system
in salivary glands

Contribution by each major salivary gland is:

i. Parotid glands 25%
ii. Submaxillary glands : 70%
iii. Sublingual glands 5%.
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2. Reaction: Mixed saliva from all the glands is slightly
acidic with pH of 6.35 to 6.85

3. Specific gravity: It ranges between 1.002 and 1.012
4. Tonicity: Saliva is hypotonic to plasma.

B COMPOSITION OF SALIVA

Mixed saliva contains 99.5% water and 0.5% solids.
Composition of saliva is given in Figure 37.3.

B FUNCTIONS OF SALIVA

Salivaisavery essential digestive juice. Since ithas many
functions, its absence leads to many inconveniences.

B 1. PREPARATION OF FOOD FOR SWALLOWING

When food is taken into the mouth, it is moistened and
dissolved by saliva. The mucus membrane of mouth is
also moistened by saliva. It facilitates chewing. By the
movement of tongue, the moistened and masticated
food is rolled into a bolus. Mucin of saliva lubricates the
bolus and facilitates swallowing.

B 2. APPRECIATION OF TASTE

Taste is a chemical sensation. By its solvent action,
saliva dissolves the solid food substances, so that the

Saliva

Water — 99.5%

Solids — 0.5%

Organic substances

v v
Enzymes Other organic substances
1. Amylase (ptyalin) 1. Mucin
2. Maltase 2. Albumin
3. Lingual lipase 3. Proline-rich proteins
4. Lysozyme 4. Lactoferrin
5. Phosphatase 5. 1gA
6. Carbonic anhydrase 6. Blood group antigens
7. Kallikrein 7. Free amino acids
8. Non-protein nitrogenous

substances — urea,
uric acid, creatinine,
xanthine, hypoxanthine

! }

Inorganic substances Gases
1. Sodium 1. Oxygen
. Calcium 2. Carbon dioxide
. Potassium 3. Nitrogen
. Bicarbonate
. Bromide
. Chloride
. Fluoride
. Phosphate

o~ WwWN

Normally, glucose is absent in saliva.
But, it is found in saliva during diabetes mellitus

FIGURE 37.3: Composition of saliva
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dissolved substances can stimulate the taste buds. The
stimulated taste buds recognize the taste.

B 3. DIGESTIVE FUNCTION

Saliva has three digestive enzymes, namely salivary
amylase, maltase and lingual lipase (Table 37.1).

Salivary Amylase

Salivary amylase is a carbohydrate-digesting (amylolytic)
enzyme. It acts on cooked or boiled starch and converts
it into dextrin and maltose. Though starch digestion
starts in the mouth, major part of it occurs in stomach
because, food stays only for a short time in the mouth.
Optimum pH necessary for the activation of salivary
amylase is 6. Salivary amylase cannot act on cellulose.

Maltase

Maltase is present only in traces in human saliva and it
converts maltose into glucose.

Lingual Lipase

Lingual lipase is a lipid-digesting (lipolytic) enzyme. It
is secreted from serous glands situated on the posterior
aspect of tongue. It digests milk fats (pre-emulsified
fats). It hydrolyzes triglycerides into fatty acids and
diacylglycerol (Table 37.2).

B 4. CLEANSING AND PROTECTIVE FUNCTIONS

i. Due to the constant secretion of saliva, the
mouth and teeth are rinsed and kept free off
food debris, shed epithelial cells and foreign
particles. In this way, saliva prevents bacterial
growth by removing materials, which may serve
as culture media for the bacterial growth.

i. Enzyme lysozyme of saliva kills some bacteria
such as staphylococcus, streptococcus and
brucella.

iii. Proline-rich proteins present in saliva posses
antimicrobial property and neutralize the toxic
substances such as tannins. Tannins are present
in many food substances including fruits.

iv. Lactoferrin of saliva also has antimicrobial
property.

v. Proline-rich proteins and lactoferrin protect the
teeth by stimulating enamel formation.

vi. Immunoglobulin IgA in saliva also has
antibacterial and antiviral actions.

vii. Mucin present in the saliva protects the mouth
by lubricating the mucus membrane of mouth.

B ROLE IN SPEECH

By moistening and lubricating soft parts of mouth and
lips, saliva helps in speech. If the mouth becomes dry,
articulation and pronunciation becomes difficult.

B EXCRETORY FUNCTION

Many substances, both organic and inorganic, are
excreted in saliva. It excretes substances like mercury,
potassium iodide, lead, and thiocyanate. Saliva also
excretes some viruses such as those causing rabies
and mumps.

In some pathological conditions, saliva excretes
certain substances, which are not found in saliva under
normal conditions. Example is glucose in diabetes
mellitus. In certain conditions, some of the normal
constituents of saliva are excreted in large quantities.
For example, excess urea is excreted in saliva during
nephritis and excess calcium is excreted during
hyperparathyroidism.

B REGULATION OF BODY TEMPERATURE

In dogs and cattle, excessive dripping of saliva during
panting helps in the loss of heat and regulation of body
temperature. However, in human beings, sweat glands
play a major role in temperature regulation and saliva
does not play any role in this function.

B REGULATION OF WATER BALANCE

When the body water content decreases, salivary secre-
tion also decreases. This causes dryness of the mouth
and induces thirst. When water is taken, it quenches the
thirst and restores the body water content.

TABLE 37.2: Digestive enzymes of saliva

Source of secretion

Salivary amylase All salivary glands

Maltase Major salivary glands

Lingual lipase Lingual glands

Activator
Acid medium
Acid medium
Acid medium

Action
Converts starch into maltose
Converts maltose into glucose

Converts triglycerides of milk fat into fatty
acids and diacylglycerol




B REGULATION OF SALIVARY SECRETION

Salivary secretion is regulated only by nervous mech-
anism. Autonomic nervous system is involved in the
regulation of salivary secretion.

B NERVE SUPPLY TO SALIVARY GLANDS

Salivary glands are supplied by both parasympathetic
and sympathetic divisions of autonomic nervous system.

B PARASYMPATHETIC FIBERS

Parasympathetic Fibers to Submandibular
and Sublingual Glands

Parasympathetic preganglionic fibers to submandibular
and sublingual glands arise from the superior salivatory
nucleus, situated in pons. After taking origin from this
nucleus, the preganglionic fibers run through nervus
intermedius of Wrisberg, geniculate ganglion, the motor
fibers of facial nerve, chorda tympani branch of facial
nerve and lingual branch of trigeminal nerve and finally
reach the submaxillary ganglion (Fig. 37.4).

Postganglionic fibers arising from this ganglion
supply the submaxillary and sublingual glands.

Parasympathetic Fibers to Parotid Gland

Parasympathetic preganglionic fibers to parotid gland
arise from inferior salivatory nucleus situated in the
upper part of medulla oblongata. From here, the fibers

Preganglionic fiber
1

1
|
I
i
1

Postganglionic fibers
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N
1

\
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@———— Submaxillary gland

SublinaL}aI aland

Chapter 37 ¢ Mouth and Salivary Glands 227

pass through the tympanic branch of glossopharyngeal
nerve, tympanic plexus and lesser petrosal nerve and
end in otic ganglion (Fig. 37.5).

Postganglionic fibers arise from this ganglion and
supply the parotid gland by passing through auriculo-
temporal branch in mandibular division of trigeminal
nerve.

Function of Parasympathetic Fibers

Stimulation of parasympathetic fibers of salivary glands
causes secretion of saliva with large quantity of water.
It is because the parasympathetic fibers activate the
acinar cells and dilate the blood vessels of salivary
glands. However, the amount of organic constituents in
saliva is less. The neurotransmitter is acetylcholine.

B SYMPATHETIC FIBERS

Sympathetic preganglionic fibers to salivary glands
arise from the lateral horns of first and second thoracic
segments of spinal cord. The fibers leave the cord
through the anterior nerve roots and end in superior
cervical ganglion of the sympathetic chain.
Postganglionic fibers arise from this ganglion and
are distributed to the salivary glands along the nerve
plexus, around the arteries supplying the glands.

Function of Sympathetic Fibers

Stimulation of sympathetic fibers causes secretion of
saliva, which is thick and rich in organic constituents such

Superior salivatory nucleus

~——-—-Nervus intermedius of Wrisberg

~,

Geniculate ganglion

A\

LY
Facial nerve (VII)

\
Chorda tympani (VII)
Lingual nerve (IX)

FIGURE 37.4: Parasympathetic nerve supply to submaxillary and sublingual glands
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FIGURE 37.5: Parasympathetic nerve supply to parotid gland

as mucus. It is because, these fibers activate the acinar
cells and cause vasoconstriction. The neurotransmitter
is noradrenaline.

B REFLEX REGULATION OF
SALIVARY SECRETION

Salivary secretion is regulated by nervous mechanism
through reflex action.
Salivary reflexes are of two types:
1. Unconditioned reflex.
2. Conditioned reflex.

1. Unconditioned Reflex

Unconditioned reflex is the inborn reflex that is present
since birth. It does not need any previous experience
(Chapter 162). This reflex induces salivary secretion
when any substance is placed in the mouth. It is due to
the stimulation of nerve endings in the mucus membrane
of the oral cavity.

2. Conditioned Reflex

Conditioned reflex is the one that is acquired by
experience and it needs previous experience (Chapter
162). Presence of food in the mouth is not necessary to
elicit this reflex. The stimuli for this reflex are the sight,
smell, hearing or thought of food.

B EFFECT OF DRUGS AND CHEMICALS
ON SALIVARY SECRETION

Substances which increase salivary secretion

1. Sympathomimetic drugs like adrenaline and
ephedrine.

2. Parasympathomimetic drugs like acetylcholine,
pilocarpine, muscarine and physostigmine.

3. Histamine.
Substances which decrease salivary secretion

1. Sympathetic depressants
dibenamine.

2. Parasympathetic depressants like atropine and
scopolamine.

3. Anesthetics such as chloroform and ether stimulate
the secretion of saliva. However, deep anesthesia
decreases the secretion due to central inhibition.

like ergotamine and

B APPLIED PHYSIOLOGY

B HYPOSALIVATION

Reduction in the secretion of saliva is called
hyposalivation. It is of two types, namely temporary
hyposalivation and permanent hyposalivation.
1. Temporary hyposalivation occurs in:
i. Emotional conditions like fear.
ii. Fever.
iii. Dehydration.
2. Permanent hyposalivation occurs in:
i. Sialolithiasis (obstruction of salivary duct).
ii. Congenital absence or hypoplasia of salivary
glands.
iii. Bell palsy (paralysis of facial nerve).

B HYPERSALIVATION

Excess secretion of saliva is known as hypersalivation.
Physiological condition when hypersalivation occurs is
pregnancy. Hypersalivation in pathological conditions is
called ptyalism, sialorrhea, sialism or sialosis.

Hypersalivation occurs in the following pathological
conditions:

1. Decay of tooth or neoplasm (abnormal new growth
or tumor) in mouth or tongue due to continuous
irritation of nerve endings in the mouth.

2. Disease of esophagus, stomach and intestine.

3. Neurologicaldisorderssuchascerebral palsy, mental
retardation, cerebral stroke and parkinsonism.

4. Some psychological and psychiatric conditions.

5. Nausea and vomiting.



B OTHER DISORDERS

In addition to hyposalivation and hypersalivation,
salivary secretion is affected by other disorders also,
which include:

Xerostomia

Drooling

Chorda tympani syndrome

Paralytic secretion of saliva

Augmented secretion of saliva

Mumps

Sjogren syndrome.

NogasMwdhE

1. Xerostomia

Xerostomia means dry mouth. It is also called pasties or
cottonmouth. It is due to hyposalivation or absence of
salivary secretion (aptyalism).

Causes

i. Dehydration or renal failure.

ii. Sjogren syndrome (see below).

iii. Radiotherapy.

iv. Trauma to salivary gland or their ducts.

v. Side effect of some drugs like antihistamines,
antidepressants, monoamine oxidase inhibitors,
antiparkinsonian drugs and antimuscarinic drugs.

vi. Shock.

vii. After smoking marijuana (psychoactive com-
pound from the plant Cannabis).

Xerostomia causes difficulties in mastication, swa-

llowing and speech. It also causes halitosis (bad breath;
exhalation of unpleasant odors).

2. Drooling

Uncontrolled flow of saliva outside the mouth is called
drooling. It is often called ptyalism.

Causes

Drooling occurs because of excess production of saliva, in
association with inability to retain saliva within the mouth.

Drooling occurs in the following conditions:

i. During teeth eruption in children.

ii. Upperrespiratory tractinfection or nasal allergies

in children.

iii. Difficulty in swallowing.

iv. Tonsillitis.

v. Peritonsillar abscess.

3. Chorda Tympani Syndrome

Chorda tympani syndrome is the condition characterized
by sweating while eating. During trauma or surgical
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procedure, some of the parasympathetic nerve fibers to
salivary glands may be severed. During the regeneration,
some of these nerve fibers, which run along with chorda
tympani branch of facial nerve may deviate and join with
the nerve fibers supplying sweat glands. When the food
is placed in the mouth, salivary secretion is associated
with sweat secretion.

4. Paralytic Secretion of Saliva

When the parasympathetic nerve to salivary gland
is cut in experimental animals, salivary secretion
increases for first three weeks and later diminishes;
finally it stops at about sixth week. The increased
secretion of saliva after cutting the parasympathetic
nerve fibers is called paralytic secretion. It is because
of hyperactivity of sympathetic nerve fibers to salivary
glands after cutting the parasympathetic fibers. These
hyperactive sympathetic fibers release large amount
of catecholamines, which induce paralytic secretion.
Moreover, the acinar cells of the salivary glands become
hypersensitive to catecholamines after denervation. The
paralytic secretion does not occur after the sympathetic
nerve fibers to salivary glands are cut.

5. Augmented Secretion of Saliva

If the nerves supplying salivary glands are stimulated
twice, the amount of saliva secreted by the second
stimulus is more than the amount secreted by the first
stimulus. It is because, the first stimulus increases
excitability of acinar cells, sothatwhenthe second stimulus
is applied, the salivary secretion is augmented.

6. Mumps

Mumps is the acute viral infection affecting the parotid
glands. The virus causing this disease is paramyxovirus.
It is common in children who are not immunized. It
occurs in adults also. Features of mumps are puffiness
of cheeks (due to swelling of parotid glands), fever, sore
throat and weakness. Mumps affects meninges, gonads
and pancreas also.

7. Sjogren Syndrome

Sjogren syndrome is an autoimmune disorder in which
the immune cells destroy exocrine glands such as
lacrimal glands and salivary glands. It is named after
Henrik Sjogren who discovered it. Common symptoms
of this syndrome are dryness of the mouth due to lack
of saliva (xerostomia), persistent cough and dryness of
eyes. In some cases, it causes dryness of skin, nose and
vagina. In severe conditions, the organs like kidneys,
lungs, liver, pancreas, thyroid, blood vessels and brain
are affected.
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B FUNCTIONAL ANATOMY OF STOMACH

Stomach is a hollow organ situated just below the
diaphragm on the left side in the abdominal cavity.
Volume of empty stomach is 50 mL. Under normal
conditions, it can expand to accommodate 1 Lto 1.5 L of
solids and liquids. However, it is capable of expanding
still further up to 4 L.

B PARTS OF STOMACH

In humans, stomach has four parts:
1. Cardiac region

2. Fundus

3. Body or corpus

4. Pyloric region.

1. Cardiac Region

Cardiac region is the upper part of the stomach where
esophagus opens. The opening is guarded by a sphinc-
ter called cardiac sphincter, which opens only towards
stomach. This portion is also known as cardiac end.

2. Fundus

Fundus is a small dome-shaped structure. It is elevated
above the level of esophageal opening.

3. Body or Corpus

Body is the largest part of stomach forming about 75%
to 80% of the whole stomach. It extends from just below
the fundus up to the pyloric region (Fig. 38.1).

4. Pyloric Region

Pyloric region has two parts, antrum and pyloric canal.
The body of stomach ends in antrum. Junction between
body and antrum is marked by an angular notch called
incisura angularis. Antrum is continued as the narrow
canal, which is called pyloric canal or pyloric end. Pyloric
canal opens into first part of small intestine called duo-
denum. The opening of pyloric canal is guarded by a sphin-
cter called pyloric sphincter. It opens towards duodenum.

Stomach has two curvatures. One on the right side
is lesser curvature and the other on left side is greater
curvature.

B STRUCTURE OF STOMACH WALL

Stomach wall is formed by four layers of structures:
1. Outer serous layer: Formed by peritoneum
2. Muscular layer: Made up of three layers of smooth
muscle fibers, namely inner oblique, middle circular
and outer longitudinal layers
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FIGURE 38.1: Parts of stomach

3. Submucus layer: Formed by areolar tissue, blood
vessels, lymph vessels and Meissner nerve plexus.

4. Inner mucus layer: Lined by mucus-secreting
columnar epithelial cells. The gastric glands are
situated in this layer. Under resting conditions,
the mucosa of the stomach is thrown into many
folds. These folds are called rugae. The rugae
disappear when the stomach is distended after
meals. Throughout the inner mucus layer, small
depressions called gastric pits are present. Glands
of the stomach open into these pits. Inner surface of
mucus layer is covered by 2 mm thick mucus.

B GLANDS OF STOMACH -
GASTRIC GLANDS

Glands of the stomach or gastric glands are tubular
structures made up of different types of cells. These
glands open into the stomach cavity via gastric pits.

B CLASSIFICATION OF GLANDS
OF THE STOMACH

Gastric glands are classified into three types, on the

basis of their location in the stomach:

1. Fundic glands or main gastric glands or oxyntic
glands: Situated in body and fundus of stomach

2. Pyloric glands: Present in the pyloric part of the
stomach

3. Cardiac glands: Located in the cardiac region of the
stomach.
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B STRUCTURE OF GASTRIC GLANDS

1. Fundic Glands

Fundic glands are considered as the typical gastric
glands (Fig. 38.2). These glands are long and tubular.
Each gland has three parts, viz. body, neck and
isthmus.

Cells of fundic glands

Chief cells or pepsinogen cells

Parietal cells or oxyntic cells

Mucus neck cells

Enterochromaffin (EC) cells or Kulchitsky cells
Enterochromaffin-like (ECL) cells.

Parietal cells are different from other cells of the
gland because of the presence of canaliculi (singular
= canaliculus). Parietal cells empty their secretions into
the lumen of the gland through the canaliculi. But, other
cells empty their secretions directly into lumen of the
gland.
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2. Pyloric Glands

Pyloric glands are short and tortuous in nature. These
glands are formed by G cells, mucus cells, EC cells and
ECL cells.

3. Cardiac Glands

Cardiac glands are also short and tortuous in structure,
with many mucus cells. EC cells, ECL cells and chief
cells are also present in the cardiac glands

--=-Lumen of the
gland

FIGURE 38.2: Gastric glands
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Enteroendocrine Cells

Enteroendocrine cells are the hormone-secreting cells
present in the glands or mucosa of gastrointestinal tract,
particularly stomach and intestine. The enteroendocrine
cells present in gastric glands are G cells, EC cells and
ECL cells (Table 38.1).

B FUNCTIONS OF GASTRIC GLANDS

Function of the gastric gland is to secrete gastric juice.
Secretory activities of different cells of gastric glands
and enteroendocrine cells are listed in Table 38.1.

B FUNCTIONS OF STOMACH

B 1. MECHANICAL FUNCTION

i. Storage Function

Food is stored in the stomach for a long period, i.e.
for 3 to 4 hours and emptied into the intestine slowly.
The maximum capacity of stomach is up to 1.5 L. Slow
emptying of stomach provides enough time for proper
digestion and absorption of food substances in the small
intestine.

ii. Formation of Chyme

Peristaltic movements of stomach mix the bolus with
gastric juice and convert it into the semisolid material
known as chyme.

B 2. DIGESTIVE FUNCTION

Refer functions of gastric juice.

B 3. PROTECTIVE FUNCTION
Refer functions of gastric juice.

TABLE 38.1: Secretory function of cells in gastric glands

Cell Secretory products

Pepsinogen
Rennin
Chief cells Lipase
Gelatinase
Urase
. Hydrochloric acid
e eEls Intrinsic factor of Castle
Mucus neck cells Mucin
G cells Gastrin
Enterochromaffin (EC) cells Serotonin
Enterochromaffin-like (ECL) cells Histamine

H 4. HEMOPOIETIC FUNCTION

Refer functions of gastric juice.

B 5 EXCRETORY FUNCTION

Many substances like toxins, alkaloids and metals are
excreted through gastric juice.

B PROPERTIES AND COMPOSITION
OF GASTRIC JUICE

Gastric juice is a mixture of secretions from different
gastric glands.

B PROPERTIES OF GASTRIC JUICE

: 1200 mL/day to 1500 mL/day.

. Gastric juice is highly acidic with a pH
of 0.9 to 1.2. Acidity of gastric juice is
due to the presence of hydrochloric
acid.

Specific gravity : 1.002 to 1.004

Volume
Reaction

B COMPOSITION OF GASTRIC JUICE

Gastric juice contains 99.5% of water and 0.5% solids.
Solids are organic and inorganic substances. Refer Fig.
38.3 for composition of gastric juice.

B FUNCTIONS OF GASTRIC JUICE

B 1. DIGESTIVE FUNCTION

Gastricjuice acts mainly on proteins. Proteolyticenzymes
of the gastric juice are pepsin and rennin (Table 38.2).
Gastric juice also contains some other enzymes like
gastric lipase, gelatinase, urase and gastric amylase.

Pepsin

Pepsin is secreted as inactive pepsinogen. Pepsinogen
is converted into pepsin by hydrochloric acid. Optimum
pH for activation of pepsinogen is below 6.

Action of pepsin

Pepsin converts proteins into proteoses, peptones and
polypeptides. Pepsin also causes curdling and digestion
of milk (casein).

Gastric Lipase

Gastric lipase is a weak lipolytic enzyme when compared
to pancreatic lipase. It is active only when the pH is
between 4 and 5 and becomes inactive at a pH below



2.5. Gastric lipase is a tributyrase and it hydrolyzes
tributyrin (butter fat) into fatty acids and glycerols.

Actions of Other Enzymes of Gastric Juice

i. Gelatinase: Degrades type | and type V gelatin
and type IV and V collagen (which are proteo-
glycans in meat) into peptides

ii. Urase: Acts on urea and produces ammonia

iii. Gastric amylase: Degrades starch (but its action
is insignificant)
iv. Rennin: Curdles milk (present in animals only).

H 2. HEMOPOIETIC FUNCTION

Intrinsic factor of Castle, secreted by parietal cells of
gastric glands plays an important role in erythropoiesis.
It is necessary for the absorption of vitamin B12 (which
is called extrinsic factor) from GI tract into the blood.

Gastric juice
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Vitamin B12 is an important maturation factor during
erythropoiesis. Absence of intrinsic factor in gastric
juice causes deficiency of vitamin B12, leading to
pernicious anemia (Chapter 14).

B PROTECTIVE FUNCTION —
FUNCTION OF MUCUS

Mucus is a mucoprotein, secreted by mucus neck cells
of the gastric glands and surface mucus cells in fundus,
body and other parts of stomach. It protects the gastric
wall by the following ways:

Mucus:

i. Protects the stomach wall from irritation or
mechanical injury, by virtue of its high viscosity.
ii. Prevents the digestive action of pepsin on the
wall of the stomach, particularly gastric mucosa.

1 _
v v
Water — 99.5% Solids - 0.5%
v v
Organic substances Inorganic substances
o
|
7 _+ 1. Hydrochloric acid
Enzymes | Other organic substancesj 2. Sodium
3. Calcium
1. Pepsin 1. Mucus 4. Potassium
2. Renin (in animals only) 2. Intrinsic factor 5. Bicarbonate
3. Gastric lipase g lg‘,::lont:::1
4, Gelatinase -TESPRRIE
5 (iroqss 8. Sulfate
FIGURE 38.3: Composition of gastric juice
TABLE 38.2: Digestive enzymes of gastric juice
Enzyme Activator Substrate End products
Pepsin Hydrochloric acid Proteins Proteoses, peptones and polypeptides
Gastric lipase Acid medium Triglycerides of butter Fatty acids and glycerols
Gastric amylase Acid medium Starch Dextrin and maltose (negligible action)
Gelatinase Acid medium Gelatin and collagen of meat Peptides
Urase Acid medium Urea Ammonia
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iii. Protects the gastric mucosa from hydrochloric
acid of gastric juice because of its alkaline
nature and its acid-combining power.

B 4. FUNCTIONS OF HYDROCHLORIC ACID

Hydrochloric acid is present in the gastric juice:
i. Activates pepsinogen into pepsin
ii. Kills some of the bacteria entering the stomach
along with food substances. This action is called
bacteriolytic action
iii. Provides acid medium, which is necessary for
the action of hormones.

B SECRETION OF GASTRIC JUICE

B SECRETION OF PEPSINOGEN

Pepsinogen is synthesized from amino acids in the
ribosomes attached to endoplasmic reticulum in chief
cells. Pepsinogen molecules are packed into zymogen
granules by Golgi apparatus.

When zymogen granule is secreted into stomach
from chief cells, the granule is dissolved and pepsinogen
is released into gastric juice. Pepsinogen is activated
into pepsin by hydrochloric acid.

B SECRETION OF HYDROCHLORIC ACID

According to Davenport theory, hydrochloric acid
secretion is an active process that takes place in the
canaliculi of parietal cells in gastric glands. The energy
for this process is derived from oxidation of glucose.

Carbon dioxide is derived from metabolic activities
of parietal cell. Some amount of carbon dioxide is
obtained from blood also. It combines with water to form
carbonic acid in the presence of carbonic anhydrase.
This enzyme is present in high concentration in parietal
cells. Carbonic acid is the most unstable compound and
immediately splits into hydrogen ion and bicarbonate
ion. The hydrogen ion is actively pumped into the
canaliculus of parietal cell.

Simultaneously, the chloride ion is also pumped
into canaliculus actively. The chloride is derived from
sodium chloride in the blood. Now, the hydrogen ion
combines with chloride ion to form hydrochloric acid. To
compensate the loss of chloride ion, the bicarbonate ion
from parietal cell enters the blood and combines with
sodium to form sodium bicarbonate. Thus, the entire
process is summarized as (Fig. 38.4):

CO, + H,0 + NaCl — HCI + NaHCO,

Factors Stimulating the Secretion
of Hydrochloric Acid

1. Gastrin
2. Histamine
3. Vagal stimulation.

Factors Inhibiting the Secretion
of Hydrochloric Acid

1. Secretin
2. Gastric inhibitory polypeptide
3. Peptide YY.

B REGULATION OF GASTRIC SECRETION

Regulation of gastric secretion and intestinal secretion
is studied by some experimental procedures.

B METHODS OF STUDY

1. Pavlov Pouch

Pavlov pouch is a small part of the stomach that is
incompletely separated from the main portion and made
into a small bag-like pouch (Fig. 38.5). Pavlov pouch
was designed by the Russian scientist Pavlov, in a dog
during his studies on conditioned reflexes.

Procedure

To prepare a Pavlov pouch, stomach of an anesthetized
dog is divided into a larger part and a smaller part by
making an incomplete incision. The mucus membrane
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FIGURE 38.4: Secretion of hydrochloric acid in the
parietal cell of gastric gland



is completely divided. A small part of muscular coat
called isthmus is retained. Isthmus connects the two
parts.

The cut edges of major portions are stitched. Smaller
part is also stitched, leaving a small outlet. This outlet
is brought out through the abdominal wall and used to
drain the pouch.

Nerve supply of Pavlov pouch

Pavlov pouch receives parasympathetic (vagus) nerve
fibers through isthmus and sympathetic fibers through
blood vessels.

Use of Pavlov pouch

Pavlov pouch is used to demonstrate the different
phases of gastric secretion, particularly the cephalic
phase and used to demonstrate the role of vagus in
cephalic phase.

2. Heidenhain Pouch

Heidenhain pouch is the modified Pavlov pouch. It is
completely separated from main portion of stomach by
cutting the isthmus without damaging blood vessels. So,
the blood vessels are intact. Thus, Heidenhain pouch
does not have parasympathetic supply, but the sym-
pathetic fibers remain intact through the blood vessels.

Uses of Heidenhain pouch

Heidenhain pouch is useful to demonstrate the role of
sympathetic nerve and the hormonal regulation of gastric
secretion after vagotomy (cutting the vagus nerve).

Stomach

_~ Pavlov pouch

\

A
Y
Y

\ Mucous
membrane

FIGURE 38.5: Pavlov pouch
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3. Bickel Pouch

In this, even the sympathetic nerve fibers are cut by
removing the blood vessels. So, Bickel pouch is a totally
denervated pouch.

Uses of Bickel pouch

Bickel pouch is used to demonstrate the role of hormones
in gastric secretion.

4. Farrel and vy Pouch

Farrel and lvy pouch is prepared by completely removing
the Bickel pouch from the stomach and transplanting it
in the subcutaneous tissue of abdominal wall or thoracic
wall in the same animal. New blood vessels develop
after some days. It is used for experimental purpose,
when the new blood vessels are developed.

Uses of Farrel and vy pouch

This pouch is useful to study the role of hormones during
gastric and intestinal phases of gastric secretion.

5. Sham Feeding

Sham feeding means the false feeding. It is another
experimental procedure devised by Pavlov to demons-
trate the regulation of gastric secretion.

Procedure

i. A hole is made in the neck of an anesthetized

dog

ii. Esophagus is transversely cut and the cut ends

are drawn out through the hole in the neck

iii. When the dog eats food, it comes out through

the cut end of the esophagus

iv. But the dog has the satisfaction of eating the

food. Hence it is called sham feeding.

This experimental procedure is supported by the
preparation of Pavlov pouch with a fistula from the
stomach. The fistula opens to exterior and it is used to
observe the gastric secretion. The animal is used for
experimental purpose after a week, when healing is
completed.

Advantage of sham feeding

Sham feeding is useful to demonstrate the secretion of
gastric juice during cephalic phase. In the same animal
after vagotomy, sham feeding does not induce gastric
secretion. It proves the role of vagus nerve during
cephalic phase.

B PHASES OF GASTRIC SECRETION

Secretion of gastric juice is a continuous process. But
the quantity varies, depending upon time and stimulus.
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Accordingly, gastric secretion occurs in three different
phases:
I. Cephalic phase

Il. Gastric phase

lll. Intestinal phase.

Inhuman beings, afourth phase calledinterdigestive
phase exists. Each phase is regulated by neural mechan-
ism or hormonal mechanism or both.

B CEPHALIC PHASE

Secretion of gastric juice by the stimuli arising from
head region (cephalus) is called cephalic phase (Fig.
38.6). This phase of gastric secretion is regulated by
nervous mechanism. The gastric juice secreted during
this phase is called appetite juice.

During this phase, gastric secretion occurs even
without the presence of food in stomach. The quantity of
the juice is less but it is rich in enzymes and hydrochloric
acid.

CEPHALIC PHASE: Only nervous

Conditioned reflex

Sight, smell,
thought of and
hearing about food

Unconditioned reflex

Presence of food
in mouth

Nervous mechanism regulates cephalic phase
through reflex action. Two types of reflexes occur:
1. Unconditioned reflex
2. Conditioned reflex.

1. Unconditioned Reflex

Unconditioned reflex is the inborn reflex. When food
is placed in the mouth, salivary secretion is induced
(Chapter 37). Simultaneously, gastric secretion also
occurs.

Stages of reflex action:

i. Presence of food in the mouth stimulates the
taste buds and other receptors in the mouth

ii. Sensory (afferent) impulses from mouth pass via
afferent nerve fibers of glossopharyngeal and
facial nerves to amygdala and appetite center
present in hypothalamus

Stimulation
—— Vagus nerve — Secretion of gastric juice

GASTRIC PHASE: Nervous and hormonal

Bolus Vagus nerve Stimulation
in ——— Local nerves Secretion of gastric juice
stomach Gastrin
INTESTINAL PHASE: Mostly hormonal
Stimulation
_ Gastrin
Chyme
L Secretin Secretion of gastric juice
intestine CCK-PZ Inhibition
Somatostatin
R — GIP
VIP

FIGURE 38.6: Schematic diagram showing the regulation of gastric secretion
CCK-PZ = Cholecystokinin-pancreozymin, GIP = Gastric inhibitory peptide, VIP = Vasoactive intestinal peptide.



iii. From here, the efferent impulses pass through
dorsal nucleus of vagus and vagal efferent nerve
fibers to the wall of the stomach

iv. Vagal efferent nerve endings secrete acetylcho-
line, which stimulates gastric secretion.

2. Conditioned Reflex

Conditioned reflex is the reflex response acquired by
previous experience (Chapter 162). Presence of food in
the mouth is not necessary to elicit this reflex. The sight,
smell, hearing or thought of food, which induce salivary
secretion induce gastric secretion also.

Stages of reflex action:

i. Impulses from the special sensory organs (eye,
ear and nose) pass through afferent fibers of
neural circuits to the cerebral cortex. Thinking of
food stimulates the cerebral cortex directly

ii. From cerebral cortex, the impulses pass through
dorsal nucleus of vagus and vagal efferents and
reach the stomach wall

iii. Vagal nerve endings secrete acetylcholine,
which stimulates the gastric secretion.

Experimental evidences to prove cephalic phase

i. Unconditioned reflex of gastric secretion is prov-
ed by sham feeding along with Pavlov pouch
(see above). After vagotomy, sham feeding
does not cause gastric secretion. It proves the
importance of vagus nerve in this phase.

ii. Conditioned reflex of gastric secretion is proved
by Pavlov pouch and belldog experiment
(Chapter 162).

B GASTRIC PHASE

Secretion of gastric juice when food enters the stomach
is called gastric phase. This phase is regulated by both
nervous and hormonal control. Gastric juice secreted
during this phase is rich in pepsinogen and hydrochloric
acid.
Mechanisms involved in gastric phase are:
1. Nervous mechanism through local myenteric reflex
and vagovagal reflex
2. Hormonal mechanism through gastrin

Stimuli, which initiate these two mechanisms are:

1. Distention of stomach

2. Mechanical stimulation of gastric mucosa by bulk of
food

3. Chemical stimulation of gastric mucosa by the food
contents.
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1. Nervous Mechanism
Local myenteric reflex

Local myenteric reflex is the reflex elicited by stimulation
of myenteric nerve plexus in stomach wall. After
entering stomach, the food particles stimulate the local
nerve plexus (Chapter 36) present in the wall of the
stomach. These nerve fibers release acetylcholine,
which stimulates the gastric glands to secrete a large
guantity of gastric juice. Simultaneously, acetylcholine
stimulates G cells to secrete gastrin (see below).

Vagovagal reflex

Vagovagal reflex is the reflex which involves both afferent
and efferent vagal fibers. Entrance of bolus into the
stomach stimulates the sensory (afferent) nerve endings
of vagus and generates sensory impulses. These
sensory impulses are transmitted by sensory fibers of
vagus to dorsal nucleus of vagus, located in medulla of
brainstem. This nucleus in turn, sends efferent impulses
through the motor (efferent) fibers of vagus, back to
stomach and cause secretion of gastric juice. Since,
both afferent and efferent impulses pass through vagus,
this reflex is called vagovagal reflex (Fig. 38.7).

2. Hormonal Mechanism — Gastrin

Gastrin is a gastrointestinal hormone secreted by the G
cells which are present in the pyloric glands of stomach.
Small amount of gastrin is also secreted in mucosa of
upper small intestine. In fetus, it is also secreted by islets
of Langerhans in pancreas. Gastrin is a polypeptide
containing G14, G17 or G34 amino acids.

Gastrin is released when food enters stomach.
Mechanism involved in the release of gastrin may be the
local nervous reflex or vagovagal reflex. Nerve endings
release the neurotransmitter called gastrin-releasing
peptide, which stimulates the G cells to secrete gastrin.

Actions of gastrin on gastric secretion

Gastrin stimulates the secretion of pepsinogen and
hydrochloric acid by the gastric glands. Refer Chapter
44 for other actions of gastrin.

Experimental evidences of gastric phase

Nervous mechanism of gastric secretion during gastric
phase is proved by Pavlov pouch. Hormonal mechanism
of gastric secretion is proved by Heidenhain pouch,
Bickel pouch and Farrel and lvy pouch.

B INTESTINAL PHASE

Intestinal phase is the secretion of gastric juice when
chyme enters the intestine. When chyme enters the
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Dorsal nucleus of vagus nerve

Sensory fibers of vagus nerve

Medulla oblongata

Motor fibers of vagus nerve

FIGURE 38.7: Vagovagal reflex

intestine, initially, the gastric secretion increases but
later it stops. Intestinal phase of gastric secretion is
regulated by nervous and hormonal control.

Initial Stage of Intestinal Phase

Chyme that enters the intestine stimulates the duodenal
mucosa to release gastrin, which is transported to
stomach by blood. There it increases gastric secretion.

Later Stage of Intestinal Phase

After the initial increase, there is a decrease or complete
stoppage of gastric secretion. Gastric secretion is
inhibited by two factors:

1. Enterogastric reflex

2. Gastrointestinal (GI) hormones.

1. Enterogastric reflex

Enterogastric reflex inhibits the gastric secretion and
motility. It is due to the distention of intestinal mucosa
by chyme or chemical or osmotic irritation of intestinal
mucosa by chemical substances in the chyme. Itis media-
ted by myenteric nerve (Auerbach) plexus and vagus.

2. Gastrointestinal hormones

Presence of chyme in the intestine stimulates the secre-
tion of many GI hormones from intestinal mucosa and
other structures. All these hormones inhibit the gastric
secretion. Some of these hormones inhibit the gastric
motility also.

Gl hormones which inhibit gastric secretion:

i. Secretin: Secreted by the presence of acid
chyme in the intestine
ii. Cholecystokinin: Secreted by the presence
of chyme containing fats and amino acids in
intestine
iii. Gastric inhibitory peptide (GIP): Secreted by the
presence of chyme containing glucose and fats
in the intestine
iv. Vasoactive intestinal polypeptide (VIP): Secreted
by the presence of acidic chyme in intestine
v. Peptide YY: Secreted by the presence of fatty
chyme in intestine.
In addition to these hormones, pancreas also
secretes a hormone called somatostatin during



intestinal phase. It also inhibits gastric secretion. Refer
Chapter 44 for details of Gl hormones.

Thus, enterogastric reflex and intestinal hormones
collectively apply a strong brake on the secretion and
motility of stomach during intestinal phase.

Experimental evidences for intestinal phase

Intestinal phase of gastric secretion is demonstrated by
Bickel pouch and Farrel and lvy pouch.

B INTERDIGESTIVE PHASE

Secretion of small amount of gastric juice in between
meals (or during period of fasting) is called interdigestive
phase. Gastric secretion during this phase is mainly
due to the hormones like gastrin. This phase of gastric
secretion is demonstrated by Farrel and Ivy pouch.

B FACTORS INFLUENCING GASTRIC SECRETION

Gastric secretion is also influenced by some factors
which increase the gastric secretion by stimulating
gastric mucosa such as:

1. Alcohol

2. Caffeine.

B COLLECTION OF GASTRIC JUICE

In human beings, the gastric juice is collected by using
Ryle tube. The tube is made out of rubber or plastic. It is
passed through nostril or mouth and through esophagus
into the stomach. A line is marked in the tube. The
entrance of the tip of the tube into stomach is indicated
when this line comes near the mouth. Then, the contents
of stomach are collected by means of aspiration.

B GASTRIC ANALYSIS

For analysis, the gastric juice is collected from patient only
in the morning. Analysis of the gastric juice is done for the
diagnosis of ulcer and other disorders of stomach.
Gastric juice is analyzed for the following:
1. Measurement of peptic activity
2. Measurement of gastric acidity: Total acid, free acid
(hydrochloric acid) and combined acid.

B METHODS OF GASTRIC ANALYSIS

1. Fractional Test Meal (FTM)

After overnight fasting, the gastric juice is collected.
Then, the patient takes a small test meal called fractional
test meal (FTM).

Typical test meals are:
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i. Apiece of bread and a cup of tea
ii. Wheat biscuit and 400 mL of water
iii. 300 mL of oatmeal gruel.

Fractional gastric analysis

After the ingestion of a test meal, gastric juice is collected
at every 15th minute for a period of two and a half hours.
All these samples are analyzed for peptic activity and
acidity.

2. Nocturnal Gastric Analysis

Patient is given a clear liquid diet at noon and at 5 pm.
At 7.30 pm, the tube is introduced into the patients’s
stomach. Then from 8 pm to 8 am, hourly samples of
gastric juice are collected and analyzed.

3. Histamine Test

After overnight fasting, the stomach is emptied in the
morning by aspiration. Then histamine is injected
subcutaneously (0.01 mg/kg). Histamine stimulates
secretion of hydrochloric acid in the stomach. After 30
minutes, 4 samples of gastric juice are collected over a
period of 1 hour at 15 minutes interval and analyzed.

B APPLIED PHYSIOLOGY

Gastric secretion is affected by the following disorders:

B 1. GASTRITIS

Inflammation of gastric mucosa is called gastritis. It may
be acute or chronic. Acute gastritis is characterized by
inflammation of superficial layers of mucus membrane
and infiltration with leukocytes, mostly neutrophils.
Chronic gastritis involves inflammation of even the
deeper layers and infiltration with more lymphocytes. It
results in the atrophy of the gastric mucosa, with loss
of chief cells and parietal cells of glands. Therefore, the
secretion of gastric juice decreases.

Causes of Acute Gastritis

i. Infection with bacterium Helicobacter pylori
ii. Excess consumption of alcohol
iii. Excess administration of Aspirin and other non-
steroidal antiinflammatory drugs (NSAIDs)
iv. Trauma by nasogastric tubes
v. Repeated exposure to radiation (rare).

Causes of Chronic Gastritis

i. Chronic infection with Helicobacter pylori
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ii. Long-term intake of excess alcohol
iii. Long-term use of NSAIDs

iv. Autoimmune disease.

Features

Features of gastritis are nonspecific. Common feature
is abdominal upset or pain felt as a diffused burning
sensation. It is often referred to epigastric pain. Other
features are:
i. Nausea
ii. Vomiting
iii. Anorexia (loss of appetite)
iv. Indigestion
v. Discomfort or feeling of fullness in the
epigastric region
vi. Belching (process to relieve swallowed air
that is accumulated in stomach).

B 2. GASTRIC ATROPHY

Gastric atrophy is the condition in which the muscles of
the stomach shrink and become weak. Gastric glands
also shrink, resulting in the deficiency of gastric juice.

Cause

Gastric atrophy is caused by chronic gastritis called
chronic atrophic gastritis. There is atrophy of gastric
mucosa including loss of gastric glands. Autoimmune
atrophic gastritis also causes gastric atrophy.

Features

Generally, gastric atrophy does not cause any noticeable
symptom. However, itmay leadto achlorhydria (absence
of hydrochloric acid in gastric juice) and pernicious
anemia. Some patients develop gastric cancer.

B 3. PEPTIC ULCER

Ulcer means the erosion of the surface of any organ due
to shedding or sloughing of inflamed necrotic tissue that
lines the organ. Peptic ulcer means an ulcer in the wall
of stomach or duodenum, caused by digestive action
of gastric juice. If peptic ulcer is found in stomach, it
is called gastric ulcer and if found in duodenum, it is
called duodenal ulcer.

Causes

i. Increased peptic activity due to excessive
secretion of pepsin in gastric juice
ii. Hyperacidity of gastric juice
iii. Reduced alkalinity of duodenal content
iv. Decreased mucin content in gastric juice or
decreased protective activity in stomach or
duodenum
v. Constant physical or emotional stress
vi. Food with excess spices or smoking (classical
causes of ulcers)
vii. Long-term use of NSAIDs (see above) such as
Aspirin, Ibuprofen and Naproxen
viii. Chronic inflammation due to Helicobacter pylori.

Features

Most common feature of peptic ulcer is severe burning
pain in epigastric region. In gastric ulcer, pain occurs
while eating or drinking. In duodenal ulcer, pain is felt 1
or 2 hours after food intake and during night.

Other symptoms accompanying pain are:

i. Nausea

ii. Vomiting

iii. Hematemesis (vomiting blood)

iv. Heartburn (burning pain in chest due to regurgi-

tation of acid from stomach into esophagus)
v. Anorexia (loss of appetite)
vi. Loss of weight.

B 4. ZOLLINGER-ELLISON SYNDROME

Zollinger-Ellison syndrome is characterized by secretion
of excess hydrochloric acid in the stomach.

Cause

This disorder is caused by tumor of pancreas. Pancreatic
tumor produces a large quantity of gastrin. Gastrin
increases the hydrochloric acid secretion in stomach by
stimulating the parietal cells of gastric glands.

Features

i. Abdominal pain

ii. Diarrhea (frequent and watery, loose bowel
movements)

ii. Difficulty in eating

iv. Occasional hematemesis (see above).
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B FUNCTIONAL ANATOMY AND
NERVE SUPPLY OF PANCREAS

Pancreas is a dual organ having two functions, namely
endocrine function and exocrine function. Endocrine
function is concerned with the production of hormones
(Chapter 69). The exocrine function is concerned with
the secretion of digestive juice called pancreatic juice.

B FUNCTIONAL ANATOMY OF EXOCRINE
PART OF PANCREAS

Exocrine part of pancreas resembles salivary gland in
structure. It is made up of acini or alveoli. Each acinus

has a single layer of acinar cells with a lumen in the
center. Acinar cells contain zymogen granules, which
possess digestive enzymes.

A small duct arises from lumen of each alveolus.
Some of these ducts from neighboring alveoli unite to
form intralobular duct. All the intralobular ducts unite
to form the main duct of pancreas called Wirsung duct.
Wirsung duct joins common bile duct to form ampulla of
Vater, which opens into duodenum (see Fig. 40.3).

In some persons, an accessory duct called duct of
Santorini exists. It also opens into duodenum, proximal
to the opening of ampulla of Vater.
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B NERVE SUPPLY TO PANCREAS

Pancreas is supplied by both sympathetic and para-
sympathetic fibers. Sympathetic fibers are supplied
through splanchnic nerve and parasympathetic fibers
are supplied through vagus nerve.

B PROPERTIES AND COMPOSITION
OF PANCREATIC JUICE

B PROPERTIES OF PANCREATIC JUICE

Volume : 500 to 800 mL/day
Reaction . Highly alkaline with a pH of 8 to 8.3
Specific gravity : 1.010 to 1.018

B COMPOSITION OF PANCREATIC JUICE

Pancreatic juice contains 99.5% of water and 0.5%
of solids. The solids are the organic and inorganic
substances. Composition of pancreatic juice is given in
Fig. 39.1.

Bicarbonate content is very high in pancreatic juice.
Itis about 110 to 150 mEq/ L, against the plasma level of
24 mEg/L. High bicarbonate content of pancreatic juice
is important because of two reasons:

i. High bicarbonate content makes the pancreatic
juice highly alkaline, so that it protects the intes-
tinal mucosa from acid chyme by neutralizing it
Bicarbonate ions provide the required pH (7 to
9) for the activation of pancreatic enzymes.

B FUNCTIONS OF PANCREATIC JUICE
Pancreatic juice has digestive functions and neutralizing
action.

B DIGESTIVE FUNCTIONS OF PANCREATIC JUICE

Pancreatic juice plays an important role in the digestion
of proteins and lipids. It also has mild digestive action
on carbohydrates.

B DIGESTION OF PROTEINS

Major proteolytic enzymes of pancreatic juice are trypsin
and chymotrypsin. Other proteolytic enzymes are carbo-
xypeptidases, nuclease, elastase and collagenase.

1. Trypsin

Trypsin is a single polypeptide with a molecular weight
of 25,000. It contains 229 amino acids.

Pancreatic juice

v v
Water — 99.5% ‘ Solids — 0.5%
................ —
v v
Organic substances ‘ Inorganic
| substances
v v
Enzymes Other organic substances 1 Eodiim
I 2. Calcium
v v l 3. Potassium
Proteolytic enzymes Lipolytic enzymes 4. Magnesium
; e . 5. Bicarbonate
1. Trypsin 1. Pancreatic lipase 1. Albumin 6. Chloride
2. Chymotrypsin 2. Cholesterol ester 2. Globulin 7. Phosphate
3. Carboxypeptidases hydrolase 8. Sulfate
4. Nuclease 3. Phospholipase A
5. Elastase 4. Phospholipase B
6. Collagenase 5. Colipase
6. Bile salt-activated
Amylolytic enzyme lipase

Pancreatic amylase

Bicarbonate content = 110 to 150 mEg/L

FIGURE 39.1: Composition of pancreatic juice



It is secreted as inactive trypsinogen, which
is converted into active trypsin by enterokinase.
Enterokinase is also called enteropeptidase and it
is secreted by the brush-bordered cells of duodenal
mucus membrane. Once formed, trypsin itself activates
trypsinogen by means of autocatalytic or autoactive
action.

Trypsin inhibitor

Trypsinogen is activated only when it reaches the small
intestine. If trypsin is activated when it is in pancreas, it
may hydrolyze the pancreatic tissue proteins, resulting
in pancreatic damage. But its activation in the secretory
cells, acini and ducts of pancreas is prevented by an
inhibitor protein called trypsin inhibitor. Any abnormality or
deficiency of the trypsin inhibitor will result in unopposed
trypsin activity, which damages the pancreas.

Actions of trypsin

i. Digestion of proteins: Trypsinisthe most powerful
proteolytic enzyme. It is an endopeptidase
and breaks the interior bonds of the protein
molecules and converts proteins into proteoses
and polypeptides

ii. Curdling of milk: It converts caseinogen in the
milk into casein

iii. Blood clotting: It accelerates blood clotting

iv. It activates the other enzymes of pancreatic

juice, viz.

a. Chymotrypsinogen into chymotrypsin

b. Procarboxypeptidases into carboxypeptidases
c. Proelastase into elastase

d. Procolipase into colipase

v. Trypsin also activates collagenase, phospholi-
pase A and phospholipase B

vi. Autocatalytic action: Once formed, trypsin itself
converts trypsinogen into trypsin.

2. Chymotrypsin

Chymotrypsin is a polypeptide with a molecular weight
of 25,700 and 246 amino acids. It is secreted as inactive
chymotrypsinogen, which is activated into chymotrypsin
by trypsin.

Actions of chymotrypsin

i. Digestion of proteins: Chymotrypsin is also an
endopeptidase and it converts proteins into
polypeptides
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ii. Digestion of milk: Chymotrypsin digests caseino-
gen faster than trypsin. Combination of both
enzymes causes rapid digestion of milk

iii. On blood clotting: No action.

3. Carboxypeptidases

Carboxypeptidasesare carboxypeptidase Aand carboxy-
peptidase B. Carboxypeptidase A is derived from the
precursor procarboxypeptidase A. Carboxypeptidase B
is derived from procarboxypeptidase B. Procarboxypep-
tidases are activated into carboxypeptidases by trypsin.

Actions of carboxypeptidases

Carboxypeptidases are exopeptidases and break the
terminal bond of protein molecules. Exopeptidases split
the polypeptides and other proteins into amino acids.

Carboxypeptidase A splits the proteins into
amino acids having aromatic or aliphatic side chains.
Carboxypeptidase B converts the proteins into amino
acids having basic side chains.

4. Nucleases

Nucleases of pancreatic juice are ribonuclease and
deoxyribonuclease, which are responsible for the
digestion of nucleic acids. These enzymes convert the
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA)
into mononucleotides.

5. Elastase

Elastase is secreted as inactive proelastase, which is
activated into elastase by trypsin. Elastase digests the
elastic fibers.

6. Collagenase

Collagenase is secreted as inactive procollagenase,
which is activated into collagenase by trypsin. It digests
collagen.

B DIGESTION OF LIPIDS

Lipolytic enzymes present in pancreatic juice are pan-
creaticlipase, cholesterol ester hydrolase, phospholipase
A, phospholipase B, colipase and bile-salt-activated
lipase.

1. Pancreatic lipase

Pancreatic lipase is a powerful lipolytic enzyme. It
digests triglycerides into monoglycerides and fatty
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acids. Activity of pancreatic lipase is accelerated in the
presence of bile. Optimum pH required for activity of this
enzymeis 7to 9.
Digestion of fat by pancreatic lipase requires two
more factors:
i. Bile salts, which are responsible for the emulsi-
fication of fat, prior to their digestion
ii. Colipase, which is a coenzyme necessary for
the pancreatic lipase to digest the dietary lipids.
About 80% of the fat is digested by pancreatic lipase.
Deficiency or absence of this enzyme leads to excretion
of undigested fat in feces (steatorrhea; see below).

2. Cholesterol ester hydrolase

Cholesterol ester hydrolase or cholesterol esterase
converts cholesterol ester into free cholesterol and fatty
acid by hydrolysis.

3. Phospholipase A

Phospholipase A is activated by trypsin. Phospholipase
A digests phospholipids, namely lecithin and cephalin
and converts them into lysophospholipids. It converts
lecithin into lysolecithin and cephalin into lysocephalin.

4. Phospholipase B

Phospholipase B is also activated by trypsin. It converts
lysophospholipids (lysolecithin and lysocephalin) to
phosphoryl choline and free fatty acids.

5. Colipase

Colipase is a small coenzyme, secreted as inactive
procolipase. Procolipase is activated into colipase by
trypsin. Colipase facilitates digestive action of pancreatic
lipase on fats.

6. Bile-salt-activated lipase

Bile-salt-activated lipase is the lipolytic enzyme activated
by bile salt. It is also called carboxyl ester lipase or
cholesterol esterase. This enzyme has a weak lipolytic
action than pancreatic lipase. But it hydrolyses a variety
of lipids such as phospholipids, cholesterol esters and
triglycerides. Human milk contains an enzyme similar to
bile-salt-activated lipase (Table 39.1).

B DIGESTION OF CARBOHYDRATES

Pancreatic amylase is the amylolytic enzyme present in
pancreatic juice. Like salivary amylase, the pancreatic
amylase also converts starch into dextrin and maltose.

B NEUTRALIZING ACTION OF
PANCREATIC JUICE

When acid chyme enters intestine from stomach,
pancreatic juice with large quantity of bicarbonate is
released into intestine. Presence of large quantity of
bicarbonate ions makes the pancreatic juice highly
alkaline. This alkaline pancreatic juice neutralizes acidity
of chyme in the intestine.

Neutralizing action is an important function of
pancreatic juice because it protects the intestine from
the destructive action of acid in the chyme.

B MECHANISM OF
PANCREATIC SECRETION

B SECRETION OF PANCREATIC ENZYMES

Pancreatic enzymes are synthesized in ribosomes,
which are attached to the endoplasmic reticulum of
acinar cells in pancreas. The raw materials for the
synthesis of pancreatic enzymes are the amino acids,
which are derived from the blood. After synthesis, the
enzymes are packed into different zymogen granules
by Golgi apparatus and stored in cytoplasm. When
stimulated, the acinar cells release zymogen granules
into the pancreatic duct. From the granules, the enzymes
are liberated into intestine.

B SECRETION OF BICARBONATE IONS

Bicarbonate ions of pancreatic juice are secreted from
the cells of pancreatic ductules and released into the
pancreatic duct.

Mechanism of bicarbonate secretion

1. Carbon dioxide derived from blood or metabolic
process combines with water inside the cell to
form carbonic acid in the presence of carbonic
anhydrase

2. Carbonic acid dissociates into hydrogen and bicar-
bonate ions

3. Bicarbonate ions are actively transported out of the
cell into the lumen

4. Hydrogen ion is actively transported into blood in
exchange for sodium ion

5. Sodium ion from the cell is transported into the
lumen, where it combines with bicarbonate to form
sodium bicarbonate

6. Because of the loss of sodium and bicarbonate
ions from the blood, there is some disturbance in
the osmotic equilibrium of the blood. To maintain
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TABLE 39.1: Digestive enzymes of pancreatic juice

Enzyme Activator Acts on (substrate) End products
Trypsin _IIE_rr;,ts;?nklnase Proteins Proteoses and polypeptides
Chymotrypsin Trypsin Proteins Polypeptides
Carboxypeptidases Trypsin Polypeptides Amino acids
Nucleases Trypsin RNA and DNA Mononucleotides
Elastase Trypsin Elastin Amino acids
Collagenase Trypsin Collagen Amino acids
Pancreatic lipase Alkaline medium Triglycerides Monoglycerides and fatty acids

Cholesterol ester hydrolase  Alkaline medium

Phospholipase A Trypsin
Phospholipase B Trypsin
Colipase Trypsin
Bile-salt-activated lipase Trypsin

Pancreatic amylase - Starch

Cholesterol ester
Phospholipids
Lysophospholipids

Facilitates action of
pancreatic lipase

Phospholipids
Cholesterol esters
Triglycerides

Cholesterol and fatty acids
Lysophospholipids
Phosphoryl choline and free fatty acids

Lysophospholipids
Cholesterol and fatty acids
Monoglycerides and fatty acids

Dextrin and maltose

the osmotic equilibrium, water leaves the blood and
enters the lumen of pancreatic duct by osmosis

7. In the lumen, bicarbonate combines with water
forming the solution of bicarbonate.

B REGULATION OF PANCREATIC
SECRETION

Secretion of pancreatic juice is regulated by both
nervous and hormonal factors.

B STAGES OF PANCREATIC SECRETION

Pancreatic juice is secreted in three stages (Fig. 39.2)
like the gastric juice:
1. Cephalic phase
2. Gastric phase
3. Intestinal phase.
These three phases of pancreatic secretion
correspond with the three phases of gastric secretion.

B 1. CEPHALIC PHASE

As in case of gastric secretion, cephalic phase is regulat-
ed by nervous mechanism through reflex action.
Two types of reflexes occur:
1. Unconditioned reflex
2. Conditioned reflex.

Unconditioned Reflex

Unconditioned reflex is the inborn reflex. When food
is placed in the mouth, salivary secretion (Chapter
37) and gastric secretion (Chapter 38) are induced.
Simultaneously, pancreatic secretion also occurs.

Stages of reflex action:

i. Presence of food in the mouth stimulates the
taste buds and other receptors in the mouth

ii. Sensory (afferent) impulses from mouth reach
dorsal nucleus of vagus and efferent impulses
reach pancreatic acini via vagal efferent nerve
fibers

iii. Vagal efferent nerve endings secrete acetyl-
choline, which stimulates pancreatic secretion.

Conditioned Reflex

Conditioned reflex is the reflex response acquired by
previous experience (Chapter 162). Presence of food in
the mouth is not necessary to elicit this reflex. The sight,
smell, hearing or thought of food, which induce salivary
secretion and gastric secretion induce pancreatic
secretion also.

Stages of reflex action:

i. Impulses from the special sensory organs (eye,
ear and nose) pass through afferent fibers of
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neural circuits to the cerebral cortex. Thinking of
food stimulates the cerebral cortex directly

ii. From cerebral cortex, the impulses pass through
dorsal nucleus of vagus and vagal efferents and
reach pancreatic acini

iii. Vagal nerve endings secrete acetylcholine,
which stimulates pancreatic secretion.

B 2. GASTRIC PHASE

Secretion of pancreatic juice when food enters the
stomach is known as gastric phase. This phase of
pancreatic secretion is under hormonal control. The
hormone involved is gastrin.

When food enters the stomach, gastrin is secreted
from stomach (Chapter 39). When gastrin is transported
to pancreas through blood, it stimulates the pancreatic
secretion. The pancreatic juice secreted during gastric
phase is rich in enzymes.

B 3. INTESTINAL PHASE

Intestinal phase is the secretion of pancreatic juice when
the chyme enters the intestine. This phase is also under
hormonal control.

When chyme enters the intestine, many hormones
are released. Some hormones stimulate the pancreatic
secretion and some hormones inhibit the pancreatic
secretion.

CEPHALIC PHASE: Nervous

Conditioned reflex
Sight, smell,
thought of and
hearing about food

Hormones Stimulating Pancreatic Secretion

i. Secretin
ii. Cholecystokinin.

Secretin

Secretin is produced by S cells of mucous membrane
in duodenum and jejunum. It is secreted as inactive
prosecretin, which is activated into secretin by acid
chyme.

The stimulant for the release and activation of
prosecretin is the acid chyme entering intestine.
Products of protein digestion also stimulate the hormo-
nal secretion.

Action of secretin

Secretin stimulates the secretion of watery juice which is
rich in of bicarbonate ion and high in volume. Itincreases
the pancreactic secretion by acting on pancreatic
ductules via cyclic AMP (messenger). Other actions of
secretin are explained in Chapter 44.

Cholecystokinin

Cholecystokinin (CCK) is also called cholecystokinin-
pancreozymin (CCK-PZ). It is secreted by | cells in
duodenal and jejunal mucosa. The stimulant for the

Vagus nerve ———  Secretion of pancreatic juice
Unconditioned reflex
Presence of food
in mouth
GASTRIC PHASE: Hormonal
Bolus in stomach Gastrin ———  Secretion of pancreatic juice
Gastric secretion
INTESTINAL PHASE: Hormonal
Sacrefin Secretion of pancreatic juice
' : i rich in bicarbonate
Chyme in intestine
—_— Cholecystokinin ——  Secretion of pancreatic juice

rich in enzyme

FIGURE 39.2: Schematic diagram showing the regulation of pancreatic secretion



release of this hormone is the chyme containing
digestive products such as fatty acids, peptides and
amino acids.

Action of cholecystokinin

Cholecystokinin stimulates the secretion of pancreatic
juice which is rich in enzyme and low in volume,
by acting on pancreatic acinar cells via inosine
triphosphate (second messenger). The other actions of
cholecystokinin are described in Chapter 44.

Hormones Inhibiting Pancreatic Secretion

i. Pancreatic polypeptide (PP) secreted by PP
cells in islets of Langerhans of pancreas
ii. Somatostatin secreted by D cells in islets of
Langerhans of pancreas
iii. Peptide YY secreted by intestinal mucosa
iv. Peptides like ghrelin and leptin
Refer Chapter 44 for details of these hormones.

B COLLECTION OF PANCREATIC JUICE

B [N ANIMALS

In animals, the pancreatic juice is collected by connecting
a fistula between the pancreatic duct and the opening in
the abdominal wall.

H IN HUMAN

In human beings, a multilumen tube is inserted through
nose or mouth, till the tip of this tube reaches the intestine
near the ampulla of Vater. The tube has a marking. The
entrance of the tip of the tube into the intestine near
the ampulla is indicated when this line comes near the
mouth. The tube has three lumens. Small balloons are
attached to the two outer lumens. When balloons are
inflated by air, the intestine near the ampulla is enlarged.
Now, the pancreatic juice is collected through the middle
lumen by means of aspiration.

B APPLIED PHYSIOLOGY

B PANCREATITIS

Pancreatitis is the inflammation of pancreatic acini. It is
a rare but dangerous disease.
Pancreatitis is of two types:
1. Acute pancreatitis
2. Chronic pancreatitis.
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1. Acute Pancreatitis

Acute pancreatitis is more severe and it occurs because
of heavy alcohol intake or gallstones.

Features of acute pancreatitis:

i. Severe upper abdominal pain
ii. Nausea and vomiting
iii. Loss of appetite and weight
iv. Fever

v. Shock.

2. Chronic Pancreatitis

Chronic pancreatitis develops due to repeated acute
inflammation or chronic damage to pancreas.

Causes of chronic pancreatitis

i. Long-time consumption of alcohol
ii. Chronic obstruction of ampulla of Vater by
gallstone
iii. Hereditary cause (passed on genetically from
one generation to another)
iv. Congenital abnormalities of pancreatic duct
v. Cystic fibrosis, a generalized disorder affecting
the functions of many organs such as lungs
(due to excessive mucus), exocrine glands like
pancreas, biliary system and immune system
vi. Malnutrition (poor nutrition; mal = bad)
vii. Idiopathic pancreatitis (due to unknown cause).

Features of chronic pancreatitis

i. Complete destruction of pancreas: During the
obstruction of biliary ducts, more amount of
trypsinogenand otherenzymesare accumulated.
In spite of the presence of trypsin inhibitor in
acini, some trypsinogen is activated. Trypsin
in turn activates other proteolytic enzymes. All
these enzymes destroy the pancreatic tissues
completely

ii. Absence of pancreatic enzymes: Pancreatitis
is more dangerous because the destruction of
acinar cells in pancreas leads to deficiency or
total absence of pancreatic enzymes. So the
digestive processes are affected; worst affected
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iii.
iv.
V.
Vi.
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is fat digestion that results in steatorrhea (see
below)

Severe pain in upper abdominal region, which
radiates to the back

Fever, nausea and vomiting

Tender and swollen abdomen

Weight loss.

B STEATORRHEA

Steatorrhea is the formation of bulky, foul-smelling,
frothy and clay-colored stools with large quantity of
undigested fat because of impaired digestion and
absorption of fat.

Causes of Steatorrhea

Any condition that causes indigestion or malabsorption
of fat leads to steatorrhea. Various causes of steatorrhea
are:

1. Lack of pancreatic lipase: Since most of the fat is
digested only by pancreatic lipase, its deficiency
leads to steatorrhea

2. Liver disease affecting secretion of bile: Bile salts
are essential for the digestion of fat by lipase and
absorption of fat from intestine. Absence of bile
salts results in excretion of fatty stool

3. Celiac disease: Atrophy of intestinal villi leads to
malabsorption, resulting in steatorrhea

4. Cystic fibrosis (see above).
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B FUNCTIONAL ANATOMY OF LIVER
AND BILIARY SYSTEM

Liver is a dual organ having both secretory and excretory
functions. It is the largest gland in the body, weighing
about 1.5 kg in man. It is located in the upper and right
side of the abdominal cavity, immediately beneath
diaphragm.

m LIVER

Hepatic Lobes

Liver is made up of many lobes called hepatic lobes
(Fig. 40.1). Each lobe consists of many lobules called
hepatic lobules.

Hepatic Lobules

Hepatic lobule is the structural and functional unit of
liver. There are about 50,000 to 100,000 lobules in the
liver. The lobule is a honeycomb-like structure and it is
made up of liver cells called hepatocytes.

Hepatocytes and Hepatic Plates

Hepatocytes are arranged in columns, which form the
hepatic plates. Each plate is made up of two columns of
cells. In between the two columns of each plate lies a
bile canaliculus (Fig. 40.2).

In between the neighboring plates, a blood space
called sinusoid is present. Sinusoid is lined by the
endothelial cells. In between the endothelial cells some
special macrophages called Kupffer cells are present.

Portal Triads

Each lobule is surrounded by many portal triads. Each
portal triad consists of three vessels:

1. Abranch of hepatic artery

2. Abranch of portal vein

3. Atributary of bile duct.

Branches of hepatic artery and portal vein open
into the sinusoid. Sinusoid opens into the central vein.
Central vein empties into hepatic vein.

Bile is secreted by hepatic cells and emptied into
bile canaliculus. From canaliculus, the bile enters the
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Left lobe hepatic artery divides into many branches. Each branch
/ enters a portal triad.

Hepatic artery

|
N

Right lobe Gallbladder Quadrate lobe
I

Liver | . b Two hepatic plates with a sinusoid in between
' o __-Hepatic plate
Sinulsoid »

Blood from
hepatic artery and
hepatic portal vein

---—— Bile
canaliculus
Rt A A\ Hepatic vein
F 4 LY
Bile duct Inferior vena \ _
cava Portal vein
FIGURE 40.1: Posterior surface of liver canaliculus A e

tributary of bile duct. Tributaries of bile duct from
canaliculi of neighboring lobules unite to form small bile
ducts. These small bile ducts join together and finally
form left and right hepatic ducts, which emerge out of
liver.

B BILIARY SYSTEM

Biliary system or extrahepatic biliary apparatus is
formed by gallbladder and extrahepatic bile ducts (bile
ducts outside the liver). Right and left hepatic bile ducts
which come out of liver join to form common hepatic
duct. It unites with the cystic duct from gallbladder to
form common bile duct (Fig. 40.3). All these ducts have
similar structures.

Common bile duct unites with pancreatic duct to
form the common hepatopancreatic duct or ampulla of
Vater, which opens into the duodenum.

There is a sphincter called sphincter of Oddi at
the lower part of common bile duct, before it joins the
pancreatic duct. It is formed by smooth muscle fibers of
common bile duct. It is normally kept closed; so the bile
secreted from liver enters gallbladder where it is stored.

Upon appropriate stimulation, the sphincter opens and  Hepatic duct - Common
allows flow of bile from gallbladder into the intestine. -—- hepatic duct
Cystic duct - Common

Bl BLOOD SUPPLY TO LIVER ‘ _ oS bile duct

Liver receives maximum blood supply of about 1,500
mL/minute. It receives blood from two sources, namely

the hepatic artery and portal vein (Fig. 40.4). Ampulla ————

f Vat ~ .
S Pancreatic

duct

B HEPATIC ARTERY

Hepatic artery arises directly from aorta and supplies
oxygenated blood to liver. After entering the liver, the FIGURE 40.3: Biliary system
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FIGURE 40.4: Schematic diagram of blood flow through liver

B PORTAL VEIN

Portal vein is formed by superior mesenteric vein and
splenic vein. It brings deoxygenated blood from stomach,
intestine, spleen and pancreas. Portal blood is rich in
monosaccharides and amino acids. It also contains bile
salts, bilirubin, urobilinogen and Gl hormones. However,
the oxygen content is less in portal blood.

Flow of blood from intestine to liver through portal
vein is known as enterohepatic circulation (Fig. 40.5).

The blood from hepatic artery mixes with blood from
portal vein in hepatic sinusoids. Hepatic cells obtain
oxygen and nutrients from the sinusoid.

B HEPATIC VEIN

Substances synthesized by hepatic cells, waste products
and carbon dioxide are discharged into sinusoids.
Sinusoids drain them into central vein of the lobule.
Central veins from many lobules unite to form bigger
veins, which ultimately form hepatic veins (right and left)
which open into inferior vena cava.

B PROPERTIES AND COMPOSITION
OF BILE

B PROPERTIES OF BILE

: 800 to 1,200 mL/day
: Alkaline

Volume
Reaction
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o Portal vein

_________ Intestine
Gallbladder

FIGURE 40.5: Enterohepatic circulation

pH . 8t08.6
Specific gravity : 1.010 to 1.011
Color . Golden yellow or green.

B COMPOSITION OF BILE

Bile contains 97.6% of water and 2.4% of solids. Solids
include organic and inorganic substances. Refer Fig.
40.6 for detalils.

B SECRETION OF BILE

Bile is secreted by hepatocytes. The initial bile secreted
by hepatocytes contains large quantity of bile acids,
bile pigments, cholesterol, lecithin and fatty acids.
From hepatocytes, bile is released into canaliculi. From
here, it passes through small ducts and hepatic ducts
and reaches the common hepatic duct. From common
hepatic duct, bile is diverted either directly into the
intestine or into the gallbladder.

Sodium, bicarbonate and water are added to bile
when it passes through the ducts. These substances
are secreted by the epithelial cells of the ducts. Addition
of sodium, bicarbonate and water increases the total
guantity of bile.

B STORAGE OF BILE

Most of the bile from liver enters the gallbladder, where it
is stored. It is released from gallbladder into the intestine
whenever itis required. When bile is stored in gallbladder,
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Bile
|
v v
Water — 97.6% Solids — 2.4%
|
B v
Organic substances Inorganic substances J
1. Bile salts 1. Sodium
2. Bile pigments 2. Calcium
3. Cholesterol 3. Potassium
4. Fatty acids 4. Chloride
5. Lecithin 5. Bicarbonate
6. Mucin

FIGURE 40.6: Composition of bile

it undergoes many changes both in quality and quantity
such as:

1. Volume is decreased because of absorption of
a large amount of water and electrolytes (except
calcium and potassium)

2. Concentration of bile salts, bile pigments, cholesterol,
fatty acids and lecithin is increased because of
absorption of water and electrolytes

3. The pH is decreased slightly

4. Specific gravity is increased

5. Mucin is added to bile (Table 40.1).

B BILE SALTS

Bile salts are the sodium and potassium salts of bile
acids, which are conjugated with glycine or taurine.

B FORMATION OF BILE SALTS

Bile salts are formed from bile acids. There are two
primary bile acids in human, namely cholic acid and
chenodeoxycholic acid, which are formed in liver and
enter the intestine through bile. Due to the bacterial action
in the intestine, the primary bile acids are converted into
secondary bile acids:

Cholic acid — deoxycholic acid
Chenodeoxycholic acid — lithocholic acid

Secondary bile acids from intestine are transported
back to liver through enterohepatic circulation. In liver,
the secondary bile acids are conjugated with glycine
(amino acid) or taurin (derivative of an amino acid) and
form conjugated bile acids, namely glycocholic acid
and taurocholic acids. These bile acids combine with
sodium or potassium ions to form the salts, sodium
or potassium glycocholate and sodium or potassium
taurocholate (Fig. 40.7).

TABLE 40.1: Differences between liver bile
and gallbladder bile

Types of entities Liver bile Gallbladder bile
pH 810 8.6 71t07.6
Specific gravity 1010 to 1011 1026 to 1032
Water content 97.6% 89%

Solids 2.4% 11%

Bile Salts 0.5 g/dL 6.0 g/dL

Bile Pigments 0.05 g/dL 0.3 g/dL
Cholesterol 0.1 g/dL 0.5 g/dL
Fatty Acids 0.2 g/dL 1.2 g/dL
Lecithin 0.05 g/dL 0.4 g/dL
Mucin Absent Present
Sodium 150 mEqg/L 135 mEq/L
Calcium 4 mEqg/L 22 mEqg/L
Potassium 5 mEg/L 12 mEqg/L
Chloride 100 mEg/L 10 mEg/L
Bicarbonate 30 mEqg/L 10 mEg/L

B ENTEROHEPATIC CIRCULATION
OF BILE SALTS

Enterohepatic circulation is the transport of substances
from small intestine to liver through portal vein. About
90% to 95% of bile salts from intestine are transported to
liver through enterohepatic circulation. Remaining 5% to
10% of the bile salts enter large intestine. Here, the bile
salts are converted into deoxycholate and lithocholate,
which are excreted in feces.

B FUNCTIONS OF BILE SALTS

Bile salts are required for digestion and absorption of
fats in the intestine. The functions of bile salts are:

1. Emulsification of Fats

Emulsification is the process by which the fat globules
are broken down into minute droplets and made in the
form of a milky fluid called emulsion in small intestine,
by the action of bile salts.

Lipolytic enzymes of Gl tract cannot digest the fats
directly because the fats are insoluble in water due to the
surface tension. Bile salts emulsify the fats by reducing
the surface tension due to their detergent action. Now
the fats can be easily digested by lipolytic enzymes.



Chapter 40 4 Liver and Gallbladder 253

Liver Primary bile acids:

Cholic acid

Chenodeoxycholic acid
| |

Secondary bile acids:

Cholic acid

Deoxycholic acid
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FIGURE 40.7: Formation of bile salts

Unemulsified fat usually passes through the intes-
tine and then it is eliminated in feces.

Emulsification of fats by bile salts needs the pres-
ence of lecithin from bile.

2. Absorption of Fats

Bile salts help in the absorption of digested fats from
intestine into blood. Bile salts combine with fats and
make complexes of fats called micelles. The fats in the
form of micelles can be absorbed easily.

3. Choleretic Action

Bile salts stimulate the secretion of bile from liver. This
action is called choleretic action.

4. Cholagogue Action

Cholagogue is an agent which causes contraction of
gallbladder and release of bile into the intestine. Bile

salts act as cholagogues indirectly by stimulating the
secretion of hormone cholecystokinin. This hormone cau-
ses contraction of gallbladder, resulting in release of bile.

5. Laxative Action

Laxative is an agent which induces defecation. Bile salts
act as laxatives by stimulating peristaltic movements of
the intestine.

6. Prevention of Gallstone Formation

Bile salts prevent the formation of gallstone by keeping
the cholesterol and lecithin in solution. In the absence
of bile salts, cholesterol precipitates along with lecithin
and forms gallstone.

B BILE PIGMENTS

Bile pigments are the excretory products in bile. Bilirubin
and biliverdin are the two bile pigments and bilirubin is
the major bile pigment in human beings.
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Bile pigments are formed during the breakdown of

hemoglobin, which is released from the destroyed RBCs
in the reticuloendothelial system (Fig. 40.8).

B FORMATION AND EXCRETION

OF BILE PIGMENTS

Stages of formation and circulation of bile pigments:

1.

QoA wWN

10.

Senile erythrocytes are destroyed in reticuloen-
dothelial system and hemoglobin is released from
them

Hemoglobin is broken into globin and heme

Heme is split into iron and the pigment biliverdin
Iron goes to iron pool and is reused

First formed pigment biliverdin is reduced to bilirubin.
Bilirubin is released into blood from the reticulo-
endothelial cells

. In blood, the bilirubin is transported by the plasma

protein, albumin. Bilirubin circulating in the blood is
called free hilirubin or unconjugated bilirubin

. Within few hours after entering the circulation, the

free bilirubin is taken up by the liver cells

. In the liver, it is conjugated with glucuronic acid to

form conjugated bilirubin
Conjugated bilirubin is then excreted into intestine
through bile.

Destruction in reticuloendothelial system

B FATE OF CONJUGATED BILIRUBIN

Stages of excretion of conjugated bilirubin:

1.

In intestine, 50% of the conjugated bilirubin is
converted into urobilinogen by intestinal bacteria.
Firstthe conjugated bilirubinis deconjugatedintofree
bilirubin, which is later reduced into urobilinogen.
Remaining 50% of conjugated bilirubin from intestine
is absorbed into blood and enters the liver through
portal vein (enterohepatic circulation). From liver, it
is re-excreted in bile

Most of the urobilinogen from intestine enters liver
via enterohepatic circulation. Later, it is re-excreted
through bile

About 5% of urobilinogen is excreted by kidney
through urine. In urine, due to exposure to air, the
urobilinogen is converted into urobilin by oxidation
Some of the urobilinogen is excreted in feces as
stercobilinogen. In feces, stercobilinogen is oxidized
to stercobilin.

B NORMAL PLASMA LEVELS OF BILIRUBIN

Normal bilirubin (Total bilirubin) content in plasma is 0.5
to 1.5 mg/dL. When it exceeds 1mg/dL, the condition is
called hyperbilirubinemia. When it exceeds 2 mg/dL,
jaundice occurs.

Free bilirubin

{2?4——— . Senile RBC
—— > Globin ——— Reused
v
Heme
—» Iron » Reused
v
Biliverdin
L J
Bilirubin

Kidney

|

Urobilinogen

Liver

Conjugated
bilirubin

Enterohepatic
circulation

Via bile

Intestine

Stercobilinogen through feces

Urobilinogen through urine

FIGURE 40.8: Formation and circulation of bile pigments



B FUNCTIONS OF BILE

Most of the functions of bile are due to the bile salts.

B 1. DIGESTIVE FUNCTION

Refer functions of bile salts.

B 2. ABSORPTIVE FUNCTIONS

Refer functions of bile salts.

B 3. EXCRETORY FUNCTIONS

Bile pigments are the major excretory products of the
bile. Other substances excreted in bile are:

i. Heavy metals like copper and iron

ii. Some bacteria like typhoid bacteria

iii. Some toxins

iv. Cholesterol

v. Lecithin

vi. Alkaline phosphatase.

H 4. LAXATIVE ACTION

Bile salts act as laxatives (see above).

B 5 ANTISEPTIC ACTION

Bile inhibits the growth of certain bacteria in the lumen
of intestine by its natural detergent action.

B 6. CHOLERETIC ACTION

Bile salts have the choleretic action (see above).

m 7. MAINTENANCE OF pH IN
GASTROINTESTINAL TRACT

As bile is highly alkaline, it neutralizes the acid chyme
which enters the intestine from stomach. Thus, an
optimum pH is maintained for the action of digestive
enzymes.

B 8. PREVENTION OF GALLSTONE FORMATION

Refer function of bile salts.

H 9. LUBRICATION FUNCTION

The mucin in bile acts as a lubricant for the chyme in
intestine.

B 10. CHOLAGOGUE ACTION

Bile salts act as cholagogues (see above).
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B FUNCTIONS OF LIVER

Liveris the largest gland and one of the vital organs of the
body. It performs many vital metabolic and homeostatic
functions, which are summarized below.

H 1. METABOLIC FUNCTION

Liver is the organ where maximum metabolic reactions
such as metabolism of carbohydrates, proteins, fats,
vitamins and many hormones are carried out.

B 2. STORAGE FUNCTION

Many substances like glycogen, amino acids, iron, folic
acid and vitamins A, B12 and D are stored in liver.

B 3. SYNTHETIC FUNCTION

Liver produces glucose by gluconeogenesis. It synthe-
sizes all the plasma proteins and other proteins (except
immunoglobulins) such as clotting factors, complement
factors and hormone-binding proteins. It also synthesizes
steroids, somatomedin and heparin.

B 4. SECRETION OF BILE

Liver secretes bile which contains bile salts, bile
pigments, cholesterol, fatty acids and lecithin.

The functions of bile are mainly due to bile salts. Bile
salts are required for digestion and absorption of fats in
the intestine. Bile helps to carry away waste products
and breakdown fats, which are excreted through feces
or urine.

B 5 EXCRETORY FUNCTION

Liver excretes cholesterol, bile pigments, heavy metals
(like lead, arsenic and bismuth), toxins, bacteria and
virus (like that of yellow fever) through bile.

B 6. HEAT PRODUCTION

Enormous amount of heat is produced in the liver
because of metabolic reactions. Liver is the organ where
maximum heat is produced.

H 7. HEMOPOIETIC FUNCTION

In fetus (hepatic stage), liver produces the blood
cells (Chapter 10). It stores vitamin B12 necessary
for erythropoiesis and iron necessary for synthesis
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of hemoglobin. Liver produces thrombopoietin that
promotes production of thrombocytes.

B 8. HEMOLYTIC FUNCTION

The senile RBCs after a lifespan of 120 days are
destroyed by reticuloendothelial cells (Kupffer cells) of
liver.

H 9. INACTIVATION OF HORMONES
AND DRUGS

Liver catabolizes the hormones such as growth hormone,
parathormone, cortisol, insulin, glucagon and estrogen.
It also inactivates the drugs, particularly the fat-soluble
drugs. The fat-soluble drugs are converted into water-
soluble substances, which are excreted through bile or
urine.

B 10. DEFENSIVE AND DETOXIFICATION
FUNCTIONS

Reticuloendothelial cells (Kupffer cells) of the liver play
an important role in the defense of the body. Liver is also
involved in the detoxification of the foreign bodies.

i. Foreign bodies such as bacteria or antigens are
swallowed and digested by reticuloendothelial
cells of liver by means of phagocytosis.

ii. Reticuloendothelial cells of liver also produce
substances like interleukins and tumor necrosis
factors, which activate the immune system of
the body (Chapter 17).

ii. Liver cells are involved in the removal of toxic
property of various harmful substances. Removal
of toxic property of the harmful agent is known
as detoxification.

Detoxification in liver occurs in two ways:

a. Total destruction of the substances by means
of metabolic degradation.

b. Conversion of toxic substances into non-
toxic materials by means of conjugation with
glucuronic acid or sulfates.

B GALLBLADDER

Bile secreted from liver is stored in gallbladder. The
capacity of gallbladder is approximately 50 mL.
Gallbladder is not essential for life and it is removed
(cholecystectomy) in patients suffering from gallbladder
dysfunction. After cholecystectomy, patients do not
suffer from any major disadvantage. In some species,
gallbladder is absent.

B FUNCTIONS OF GALLBLADDER

Major functions of gallbladder are the storage and
concentration of bile.

1. Storage of Bile

Bile is continuously secreted from liver. But it is released
into intestine only intermittently and most of the bile is
stored in gallbladder till it is required.

2. Concentration of Bile

Bile is concentrated while it is stored in gallbladder.
The mucosa of gallbladder rapidly reabsorbs water and
electrolytes, except calcium and potassium. But the
bile salts, bile pigments, cholesterol and lecithin are not
reabsorbed. So, the concentration of these substances
in bile increases 5 to 10 times (Fig. 40.9).

3. Alteration of pH of Bile

The pH of bile decreases from 8 — 8.6 to 7 — 7.6 and it
becomes less alkaline when it is stored in gallbladder.

4. Secretion of Mucin

Gallbladder secretes mucin and adds it to bile. When bile
is released into the intestine, mucin acts as a lubricant
for movement of chyme in the intestine.

5. Maintenance of Pressure in Biliary System

Due to the concentrating capacity, gallbladder maintains
a pressure of about 7 cm H,O in biliary system. This
pressure in the biliary system is essential for the release
of bile into the intestine.

B FILLING AND EMPTYING OF GALLBLADDER

Usually, the sphincter of Oddi is closed during fasting
and the pressure in the biliary system is only 7 cm H,O.
Because of this pressure, the bile from liver enters the
gallbladder.

While taking food or when chyme enters the
intestine, gallbladder contracts along with relaxation of
sphincter of Oddi. Now, the pressure increases to about
20 cm H,0O. Because of the increase in pressure, the
bile from gallbladder enters the intestine. Contraction
of gallbladder is influenced by neural and hormonal
factors.
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FIGURE 40.9: Diagram showing the formation of bile from liver and changes taking place in the composition of gallbladder bile

1. Neural Factor

Stimulation of parasympathetic nerve (vagus) causes
contraction of gallbladder by releasing acetylcholine.
The vagal stimulation occurs during the cephalic phase
and gastric phase of gastric secretion.

2. Hormonal Factor

When a fatty chyme enters the intestine from stomach,
the intestine secretes the cholecystokinin, which causes
contraction of the gallbladder.

B REGULATION OF BILE SECRETION

Bile secretion is a continuous process though the amount
is less during fasting. It starts increasing after meals and
continues for three hours. Secretion of bile from liver
and release of bile from the gallbladder are influenced
by some chemical factors, which are categorized into
three groups:

1. Choleretics
2. Cholagogue
3. Hydrocholeretic agents.

1. Choleretics

Substances which increase the secretion of bile from
liver are known as choleretics.

Effective choleretic agents are:

i. Acetylcholine

ii. Secretin

iii. Cholecystokinin

iv. Acid chyme in intestine

v. Bile salts.

2. Cholagogues

Cholagogue is an agent which increases the release of
bile into the intestine by contracting gallbladder.
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Common cholagogues are:

i. Bile salts

ii. Calcium

iii. Fatty acids

iv. Amino acids

v. Inorganic acids

All these substances stimulate the secretion of
cholecystokinin, which in turn causes contraction of
gallbladder and flow of bile into intestine.

3. Hydrocholeretic Agents

Hydrocholeretic agent is a substance which causes
the secretion of bile from liver, with large amount of
water and less amount of solids. Hydrochloric acid is a
hydrocholeretic agent.

B APPLIED PHYSIOLOGY

B JAUNDICE OR ICTERUS

Jaundice or icterus is the condition characterized by
yellow coloration of the skin, mucous membrane and
deeper tissues due to increased bilirubin level in blood.
The word jaundice is derived from the French word
‘jaune’ meaning yellow.

The normal serum bilirubin level is 0.5 to 1.5 mg/dL.
Jaundice occurs when bilirubin level exceeds 2 mg/dL.

Types of Jaundice

Jaundice is classified into three types:
1. Prehepatic or hemolytic jaundice
2. Hepatic or hepatocellular jaundice
3. Posthepatic or obstructive jaundice.

1. Prehepatic or Hemolytic Jaundice

Hemolytic jaundice is the type of jaundice that occurs
because of excessive destruction of RBCs resulting in
increased blood level of free (unconjugated) bilirubin. In
this condition, the excretory function of liver is normal.
But the quantity of bilirubin increases enormously. The
liver cells cannot excrete that much excess bilirubin
rapidly. Unconjugated bilirubin is insoluble in water and
is not excreted in urine. So, it accumulates in the blood
resulting in jaundice.

Formation of urobilinogen also increases resulting in
the excretion of more amount of urobilinogen in urine.

Causes

Any condition that causes hemolytic anemia can lead to
hemolytic jaundice.

Common causes of hemolytic jaundice are:
i. Renal disorder
ii. Hypersplenism
iii. Burns
iv. Infections such as malaria
v. Hemoglobin abnormalities such as sickle cell
anemia or thalassemia
vi. Drugs or chemical substances causing red cell
damage
vii. Autoimmune diseases.

2. Hepatic or Hepatocellular or
Cholestatic Jaundice

Hepatic jaundice is the type of jaundice that occurs due
to the damage of hepatic cells. Because of the damage,
the conjugated bilirubin from liver cannot be excreted
and it returns to blood.

Causes

i. Infection (infective jaundice) by virus, resulting
in hepatitis (viral hepatitis)

ii. Alcoholic hepatitis

iii. Cirrhosis of liver

iv. Exposure to toxic materials.

3. Posthepatic or Obstructive or
Extrahepatic Jaundice

Posthepatic type of jaundice occurs because of the
obstruction of bile flow at any level of the biliary system.
The bile cannot be excreted into small intestine. So, bile
salts and bile pigments enter the circulation. The blood
contains more amount of conjugated bilirubin (Table
40.2).

Causes

i. Gallstones
ii. Cancer of biliary system or pancreas.

B HEPATITIS

Hepatitis is the liver damage caused by many agents. It
is characterized by swelling and inadequate functioning
of liver. Hepatitis may be acute or chronic. In severe
conditions, it may lead to liver failure and death.

Causes and Types

1. Viral infection (viral hepatitis: see below)
2. Bacterial infection like leptospirosis and Q fever
3. Excess consumption of alcohol



Chapter 40 4 Liver and Gallbladder 259

TABLE 40.2: Features of different types of jaundice

Features Prehepatic jaundice Hepatic jaundice Posthepatic jaundice
(Hemolytic) (hepatocellular) (Obstructive)
Cause Excess breakdown of RBCs Liver damage Obstruction of bile ducts
Type of bilirubin in blood  Unconjucated Conjugated and unconjugated  Conjugated
Urinary excretion of Decreases
" Increases Decreases . 3
urobilinogen Absent in severe obstruction
e (el e Increases Decreases (pale feces) Absent (clay-colored feces)
stercobilinogen
van den Bergh reaction Indirect — positive Biphasic Direct — positive
Liver functions Normal Abnormal Exaggerated
Anemia
Blood picture Reticulocytosis Normal Normal

Abnormal RBC

Albumin — increases

Plasma albumin and . .
Normal Globulin — increases Normal

glebuli A: G ratio — decreases
Hemorrhagic tendency Absent Present due to lack of vitamin K Present due to lack of vitamin K
Excess administration of drugs like paracetamol i. Stomach pain
Poisons like carbon tetrachloride and aflatoxin ii. Paleness of skin
Wilson disease (Chapter 151) iii. Dark-colored urine and pale stool

iv. Jaundice

Circulatory insufficiency v. Personality changes

Inheritance from mother during parturition.

© N O

Viral Hepatitis B CIRRHOSIS OF LIVER

Cirrhosis of liver refers to inflammation and damage of
parenchyma of liver. It results in degeneration of hepatic
cells and dysfunction of liver.

Viral hepatitis is the type of hepatitis caused by viruses.
It is caused by two types of viruses, hepatitis A and

hepatitis B.
Causes of viral hepatitis Causes
i. Mainly by intake of water and food contaminated 1. Infection
with hepatitis virus 2. Retention of bile in liver due to obstruction of ducts
ii. Sharing needles with infected persons of biliary system
!ii' Accidental prick by infecteq n_eedle 3. Enlargement of liver due to intoxication
iv. Having unprotected sex with infected persons 4. Inflammation around liver (perihepatitis)

v. Inheritance from mother during parturition 5

vi. Blood transfusion from infected donors.

Hepatitis caused by hepatitis B virus is more  goatyres
common and considered more serious because it may
lead to cirrhosis and cancer of liver.

. Infiltration of fat in hepatic cells.

Fever, nausea and vomiting

Jaundice

Increased heart rate and cardiac output

Portal hypertension

Muscular weakness and wasting of muscles
Drowsiness

Lack of concentration and confused state of mind
Coma in advanced stages.

Features of Hepatitis

1. Fever

2. Nausea

3. Vomiting, diarrhea and loss of appetite

4. Headache and weakness

5. In addition, chronic hepatitis is characterized by

N ~WNE
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B GALLSTONES
Definitions

Gallstone is a solid crystal deposit that is formed by
cholesterol, calcium ions and bile pigments in the gall-
bladder or bile duct. Cholelithiasis is the presence of
gallstones in gallbladder. Choledocholithiasis is the
presence of gallstones in the bile ducts.

Formation of Gallstones

Normally, cholesterol present in the bile combines
with bile salts and lecithin, which make the cholesterol
soluble in water. Under some abnormal conditions, this
water-soluble cholesterol precipitates resulting in the
formation of gallstone.

Initially, small quantity of cholesterol begins to
precipitate forming many small crystals of cholesterol
in the mucosa of gallbladder. This stimulates further
formation of crystals and the crystals grow larger and
larger. Later, bile pigments and calcium are attached to
these crystals, resulting in formation of gallstones.

Causes for Gallstone Formation

1. Reduction in bile salts and/or lecithin

2. Excess of cholesterol

3. Disturbed cholesterol metabolism

4. Excess of calcium ions due to increased concen-
tration of bile

5. Damage or infection of gallbladder epithelium. It
alters the absorptive function of the mucous mem-
brane of the gallbladder. Sometimes, there is
excessive absorption of water or even bile salts,
leading to increased concentration of cholesterol,
bile pigments and calcium ions

6. Obstruction of bile flow from the gallbladder.

Diagnosis of Gallstone

Presence of gallstone is diagnosed by ultrasound
scanning and cholangiography. Cholangiography is the
radiological study of biliary ducts after the administration
of a contrast medium.

Features

Common feature of gallstone is the pain in stomach area
or in upper right part of the belly under the ribs. Other
features include nausea, vomiting, abdominal bloating
and indigestion.

Treatment for Gallstone

Simple cholesterol gallstones can be dissolved over
a period of one or two years by giving 1 to 1.5 gm
of chemodeoxycholic acid daily. This increases the
concentration of bile acids. So, excessive concentration
of bile does not occur.

In severe conditions, the gallbladder has to be
removed (cholecystectomy). Laparoscopic surgery is
the common method.



Small Intestine

Chapter

41

FUNCTIONAL ANATOMY

APPLIED PHYSIOLOGY

INTESTINAL VILLI AND GLANDS

PROPERTIES AND COMPOSITION OF SUCCUS ENTERICUS
FUNCTIONS OF SUCCUS ENTERICUS

FUNCTIONS OF SMALL INTESTINE

REGULATION OF SECRETION OF SUCCUS ENTERICUS
METHODS OF COLLECTION OF SUCCUS ENTERICUS

B FUNCTIONAL ANATOMY

Small intestine is the part of gastrointestinal (Gl) tract,
extending between the pyloric sphincter of stomach
and ileocecal valve, which opens into large intestine. It
is called small intestine because of its small diameter,
compared to that of the large intestine. But it is longer
than large intestine. Its length is about 6 meter.
Important function of small intestine is absorption.
Maximum absorption of digested food products takes
place in small intestine.
Small intestine consists of three portions:
1. Proximal part known as duodenum
2. Middle part known as jejunum
3. Distal part known as ileum.
Wall of the small intestine has all the four layers as
in stomach (Chapter 36).

B INTESTINAL VILLI AND GLANDS
OF SMALL INTESTINE

B INTESTINAL VILLI

Mucous membrane of small intestine is covered by
minute projections called villi. The height of villi is about
1 mm and the diameter is less than 1 mm.

Villi are lined by columnar cells, which are called
enterocytes. Each enterocyte gives rise to hair-like
projections called microvilli. Villi and microvilli increase

the surface area of mucous membrane by many folds.
Within each villus, there is a central channel called
lacteal, which opens into lymphatic vessels. It contains
blood vessels also.

B CRYPTS OF LIEBERKUHN OR
INTESTINAL GLANDS

Crypts of Lieberkiihn or intestinal glands are simple
tubular glands of intestine. Intestinal glands do not
penetrate the muscularis mucosa of the intestinal wall,
but open into the lumen of intestine between the villi.
Intestinal glands are lined by columnar cells. Lining of
each gland is continuous with epithelial lining of the villi
(Fig. 41.1).

Epithelial cells lining the intestinal glands undergo
division by mitosis at a faster rate. Newly formed cells
push the older cells upward over the lining of villi.
These cells which move to villi are called enterocytes.
Enterocytes secrete the enzymes. Old enterocytes are
continuously shed into lumen along with enzymes.

Types of cells interposed between columnar cells of
intestinal glands:

1. Argentaffin cells or enterochromaffin cells, which
secrete intrinsic factor of Castle

2. Goblet cells, which secrete mucus

3. Paneth cells, which secrete the cytokines called
defensins.
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FIGURE 41.1: Intestinal gland and villus

B BRUNNER GLANDS

In addition to intestinal glands, the first part of duodenum
contains some mucus glands, which are called Brunner
glands. These glands penetrate muscularis mucosa and
extend up to the submucus coat of the intestinal wall.
Brunner glands open into the lumen of intestine directly.
Brunner gland secretes mucus and traces of enzymes.

B PROPERTIES AND COMPOSITION
OF SUCCUS ENTERICUS

Secretion from small
entericus.

intestine is called succus

B PROPERTIES OF SUCCUS ENTERICUS

Volume : 1800 mL/day
Reaction : Alkaline
pH : 83

B COMPOSITION OF SUCCUS ENTERICUS

Succus entericus contains water (99.5%) and solids
(0.5%). Solids include organic and inorganic substances
(Fig. 41.2). Bicarbonate concentration is slightly high in
succus entericus.

B FUNCTIONS OF SUCCUS ENTERICUS
B 1. DIGESTIVE FUNCTION

Enzymes of succus entericus act on the partially
digested food and convert them into final digestive
products. Enzymes are produced and released into
succus entericus by enterocytes of the villi.

Proteolytic Enzymes

Proteolytic enzymes present in succus entericus are
the peptidases, which are given in Fig. 41.2. These
peptidases convert peptides into amino acids.

Amylolytic Enzymes

Amylolytic enzymes of succus entericus are listed in
Fig. 41.2.

Lactase, sucrase and maltase convert the
disaccharides (lactose, sucrose and maltose) into two
molecules of monosaccharides (Table 41.1).

Dextrinase converts dextrin, maltose and maltriose
into glucose. Trehalase or trehalose glucohydrolase
causes hydrolysis of trehalose (carbohydrate present in
mushrooms and yeast) and converts it into glucose.

Lipolytic Enzyme

Intestinal lipase acts on triglycerides and converts them
into fatty acids.

B 2. PROTECTIVE FUNCTION

i. Mucus present in the succus entericus protects
the intestinal wall from the acid chyme, which
enters the intestine from stomach; thereby it
prevents the intestinal ulcer.

ii. Defensins secreted by paneth cells of intestinal
glands are the antimicrobial peptides.

These peptides are called natural peptide antibiotics
because of their role in kiling the phagocytosed
bacteria.

H 3. ACTIVATOR FUNCTION

Enterokinase present in intestinal juice activates
trypsinogen into trypsin. Trypsin, in turn activates other
enzymes (Chapter 39).

H 4. HEMOPOIETIC FUNCTION

Intrinsic factor of Castle present in the intestine plays
an important role in erythropoiesis (Chapter 10). It is
necessary for the absorption of vitamin B12.
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Succus entericus

v v
Water — 99.5% Solids - 0.5%
|
v +
Organic substances | Inorganic
I substances
v v
Enzymes Other organic substances 1. Sodium
l 2. Calcium
J 1 3. Potassium
4. Bicarbonate
Proteolytic Amylolytic 4. Muioiis 5. Chloride
enzymes enzymes o i Rt 6. Phosphate
i 1. Sucrase 3. Defensins F R
1. Amino peptidase 2. Maltase
2. Dipeptidase 3. Lactase
3. Tripeptidase 4. Dextrinase
5. Trehalase
Enterokinase Lipolytic
enzymes
Lipase

FIGURE 41.2: Composition of succus entericus

B 5 HYDROLYTIC PROCESS
Intestinal juice helps in all the enzymatic reactions of
digestion.

B FUNCTIONS OF SMALL INTESTINE

H 1. MECHANICAL FUNCTION

Mixing movements of small intestine help in the thorough
mixing of chyme with the digestive juices like succus
entericus, pancreatic juice and bile.

B 2. SECRETORY FUNCTION

Small intestine secretes succus entericus, enterokinase
and the Gl hormones.

H 3. HORMONAL FUNCTION

Small intestine secretes many Gl hormones such as
secretin, cholecystokinin, etc. These hormones regulate
the movement of Gl tract and secretory activities of small
intestine and pancreas (Chapter 44).

B 4. DIGESTIVE FUNCTION

Refer functions of succus entericus.

B 5. ACTIVATOR FUNCTION

Refer functions of succus entericus.

B 6. HEMOPOIETIC FUNCTION

Refer functions of succus entericus.

B 7. HYDROLYTIC FUNCTION

Refer functions of succus entericus.

TABLE 41.1: Digestive enzymes of succus entericus

Enzyme Substrate End products
Peptidases Peptides Amino acids
Sucrase Sucrose Fructose and glucose
Maltase Maltosg e Glucose

maltriose
Lactase Lactose CrlEGiEss e
glucose
Dextrinase DT ma_ltose Glucose
and maltriose
Trehalase Trehalose Glucose
Intestinal lipase Triglycerides Fatty acids
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B 8. ABSORPTIVE FUNCTIONS

Presence of villi and microvilli in small intestinal mucosa
increases the surface area of mucosa. This facilitates
the absorptive function of intestine.

Digested products of foodstuffs, proteins, carbo-
hydrates, fats and other nutritive substances such as
vitamins, minerals and water are absorbed mostly in small
intestine. From the lumen of intestine, these substances
pass through lacteal of villi, cross the mucosa and enter
the blood directly or through lymphatics.

Absorption of Carbohydrates
Refer Chapter 45.

Absorption of Proteins

Refer Chapter 46.

Absorption of Fats
Refer Chapter 47.

Absorption of Water and Minerals

i. Insmall intestine, sodium is absorbed actively. It
is responsible for absorption of glucose, amino
acids and other substances by means of sodium
cotransport.

ii. Water moves in or out of the intestinal lumen
until the osmotic pressure of intestinal contents
becomes equal to that of plasma.

ii. In ileum, chloride ion is actively absorbed in
exchange for bicarbonate. The significance of
this exchange is not known.

iv. Calcium is actively absorbed mostly in upper
part of small intestine.

Absorption of Vitamins

Most of the vitamins are absorbed in upper part of
small intestine and vitamin B, is absorbed in ileum.
Absorption of water-soluble vitamins is faster than fat-
soluble vitamins.

B REGULATION OF SECRETION
OF SUCCUS ENTERICUS

Secretion of succus entericus is regulated by both
nervous and hormonal mechanisms.

B NERVOUS REGULATION

Stimulation of parasympathetic nerves causes vaso-
dilatation and increases the secretion of succus

entericus. Stimulation of sympathetic nerves causes
vasoconstriction and decreases the secretion of succus
entericus. But, the role of these nerves in the regulation
of intestinal secretion in physiological conditions is
uncertain.

However, the local nervous reflexes play an
important role in increasing the secretion of intestinal
juice. When chyme enters the smallintestine, the mucosa
is stimulated by tactile stimuli or irritation. It causes the
development of local nervous reflexes, which stimulate
the glands of intestine.

B HORMONAL REGULATION

When chyme enters the smallintestine, intestinal mucosa
secretes enterocrinin, secretin and cholecystokinin,
which promote the secretion of succus entericus by
stimulating the intestinal glands.

B METHODS OF COLLECTION
OF SUCCUS ENTERICUS

H IN HUMAN

In human beings, the intestinal juice is collected by
using multilumen tube. The multilumen tube is inserted
through nose or mouth, until the tip of this tube reaches
the intestine. A line is marked on the tube. Entrance of
tip of the tube into small intestine is indicated when this
line comes near the mouth. This tube has three lumens.
To the outer two lumens, small balloons are attached.
When these balloons are inflated, the intestine is
enlarged. Now, the intestinal juice is collected through
the middle lumen, by means of aspiration.

H IN ANIMALS

Thiry Loop

A portion of intestine is separated from the gut by
incising at both ends. The cut ends of the main gut are
connected and the continuity is re-established. One
end of isolated segment is closed and the other end is
brought out through abdominal wall. It is called Thiry
loop or Thiry fistula.

Thiry-Vella Loop

Thiry-Vella loop is the modified Thiry loop. In this, a
long segment of intestine is cut and separated from the
main gut. Both the ends of this segment are brought out
through the abdominal wall. The cut ends of the main
gut are joined.
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H 1. MALABSORPTION

Malabsorption is the failure to absorb nutrients such as

proteins, carbohydrates, fats and vitamins.
Malabsorption affects growth and development of

the body. It also causes specific diseases (see below).

B 2. MALABSORPTION SYNDROME

Malabsorption syndrome is the condition characterized
by the failure of digestion and absorption in small
intestine. Malabsorption syndrome is generally caused
by Crohn’s disease, tropical sprue, steatorrhea and
celiac disease.

B 3. CROHN'S DISEASE OR ENTERITIS

Enteritis is an inflammatory bowel disease (IBD), charac-
terized by inflammation of small intestine. Usually, it
affects the lower part of small intestine, the ileum. The
inflammation causes malabsorption and diarrhea.

Causes

Crohn’s disease develops because of abnormalities of
the immune system. The immune system reacts to a virus
or a bacterium, resulting in inflammation of the intestine.

Features

i. Malabsorption of vitamin
ii. Weight loss
iii. Abdominal pain
iv. Diarrhea
v. Rectal bleeding, anemia and fever
vi. Delayed or stunted growth in children.

B 4. TROPICAL SPRUE

Tropical sprue is a malabsorption syndrome, affecting
the residents of or the visitors to tropical areas where
the disease is epidemic.
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Cause

The cause of this disease is not known and it may be
related to infectious organisms.

Features

i. Indigestion

ii. Diarrhea

iii. Anorexia and weight loss

iv. Abdominal and muscle cramps.

B 5 STEATORRHEA

Steatorrhea is the condition caused by deficiency of
pancreatic lipase, resulting in malabsorption of fat. Refer
Chapter 39 for details.

B 6. CELIAC DISEASE

Celiac disease is an autoimmune disorder characterized
by the damage of mucosa and atrophy of villi in small
intestine, resulting in impaired digestion and absorption.
It is also known as gluten-sensitive enteropathy, celiac
sprue and non-tropical sprue.

Cause

Celiac disease is caused by gluten. Itis a protein present
in wheat, oats, rye, barley and other grains. Gluten is
like a poison to individuals with celiac disease, because
it damages the intestine severely.

Features

i. Diarrhea

ii. Steatorrhea
iii. Abdominal pain
iv. Weight loss

v. Irritability

vi. Depression.



B FUNCTIONAL ANATOMY OF
LARGE INTESTINE

Large intestine or colon extends from ileocecal valve up

Large Intestine
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to anus (Fig. 36.1).

B PARTS OF LARGE INTESTINE

B STRUCTURE OF WALL OF

LARGE INTESTINE

Wall of large intestine is formed by four layers of

structures like any other part of the gut.

1.
2.

Large intestine is made up of the following parts:

NogrMwdhE

Cecum with appendix
Ascending colon

Transverse colon
Descending colon

Sigmoid colon o